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Chapter 1
Introduction
1.1 Motivation
Understanding of intermolecular interactions in the context of crystal packing and the application
of such understanding in the design of new solids with desired physical and chemical properties
is a flourishing field of crystal engineering.1 The original weak intermolecular synthon approach2
firstly regarded hydrogen bonds, the most relevant secondary interactions; their strongest repre-
sentatives can be associated with a relevant degree of covalency.3–5 Over the last decades in the
field of structural chemistry and biology, the atom-atom ‘short contact’ directional interactions
play an important role in assisting the assembly of organic and organic-inorganic solids.6 Besides
hydrogen bonds, another most relevant directional interactions are halogen bonds. The interac-
tions discussed as potentially relevant in crystal engineering, halogen bonds and hydrogen bonds
have made great contribution.7–14 Especially, in structural chemistry and biology, hydrogen bond
interactions have been confirmed to play a significant role in molecular association.6 In pharma-
ceutical industry, derivatives of benzoxazolone, salicylic acid and ethanolamines in general have
been tested as potentially useful ingredients with antimicrobial15,16 and antifungal activity17,18.
However, how can we understand these weak interactions? The interpretation of such presum-
ably structure-directing contacts affects the very idea of crystal engineering and is currently under
debate.19–22 Desiraju et. al believe in the importance of weak hydrogen bonds in structure deter-
mining. In contrast, Dunitz prefers the idea that the atom-atom pair interactions in crystals are
less structure determining, but with a specific attractive force between molecules resulting in low
potential energy of the crystal. The question about whether the weak interactions being structural
determining in crystal were put to the fore. Accurate X-ray diffraction data and aspherical electron
distribution models provide experimental methods to study and explain such weak interactions.
In the process of analysis of weak interactions at the level of aspherical electron distribution mod-
els, we are also interested in three special issues. Firstly, we found that the suitable multipole
models of sulfur compounds somehow are still unclear.23–31 The main challenging problems are
the scattering factors and the parameters of single slater functions in radial functions of the S
atom. Secondly, though the highly accurate X-ray data allow the experimental charge density
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to correlate d-orbital occupancy with the coordination environment, experimental charge density
studies of partially-occupied d-orbitals of transition metal are still rare. Whether the refinements of
valence density of atoms in experimental charge density studies could provide reasonable d-orbital
population distribution under certain coordination environment is not yet clear. Lastly, due to
the correlated movements of the electrons in adjacent molecules, the non-directional attractions
which are quite different from the directional interactions help to understand the intermolecular
interactions. It remains to be seen whether the temperature-dependent diffraction experiments
could serve as benchmarks for comparison with dispersion-corrected DFT calculation results and
evaluate the thermal motion of atoms in crystals.
Apart from the weak interactions, chirality is another most interesting phenomenon in the chem-
istry of life. Chiral is an object not superimposable with its mirror image.32 Chiral molecules do not
only exist in living organisms, in the asymmetric catalysis, the chiral molecules and coordination
compounds could be synthesized in enantiomerically pure form. The potentially ditopic molecule
3-cyanoacetylacetone (HacacCN)33 has been applied with the purpose of crystal engineering. It
can be deprotonated to a formally anionic ligand, combining the chelating pentanedionato moiety
with an additional N coordination site; furthermore, it may thus work as a linker in mixed-metal
coordination polymers.34–38 In the field of crystal engineering, Cr(III) represents a promising can-
didate for combining metal chirality, for example, for the construction of chiral extended structures.
As a hard and inert cation, only slow racemization of Cr(III) complexes can be expected. Both
enantiomers of the tris-ligand Cr(III) complex of acetylacetonate have been successfully synthe-
sized39 using a chiral base as deprotonating agent, followed by recrystallization. This earlier report
can be confirmed by our laboratory, but the attempts to resolve Cr(acacCN)3 into enantiomers in
an analogous way were not successful: we only achieved low enantiomeric excess and very modest
yields. Introduction of a well-defined configuration about a metal cation using an organic ligand
and transfer of the chiral information to the metal center is one of promising approaches in chiral
synthesis.40–42 By combination the chirality at the central metal with one or two enantiomerically
pure ligands, diastereomers with different physical properties could be formed. Under favourable
conditions, the diastereomer of lower energy may then become the dominant reaction product.
This thesis presents two aspects of application of X-ray high resolution diffraction experiments
from chapter 2 to chapter 4. Experimental charge density results on halogen bonds from three
selected halogen-substituted pyridinium salts (chapter 2) and hydrogen bonds from three biolog-
ically active or potentially biologically active molecules (chapter 3) are discussed based on high
resolution diffraction data. With Bader’s quantum theory of atoms in molecules (QTAIM),43 the
Hansen-Coppens pseudo-atom model44 is used in the experimental charge density analysis. Be-
sides, in chapter 4 the highly accurate diffraction data can also provide an experimental method to
determine the thermal displacement parameters of atoms in crystals. Chapter 5 mainly elaborates
on the synthesis and characterization of chirality transfer from enantiopure diaminocyclohexane
ligand (R,R-chxn) to metal (Cr3+). Complexes of well-defined metal configuration containing only
two or even only one molecule of R,R-chxn as a chelating ligand are thus generated. Single crystal
X-ray diffraction experiments at standard resolution are used as key technique in chirality determi-
nation and analysis of the results on hydrogen bonds, in the case of these more complex structures
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mostly based on geometry arguments.
1.2 Experimental Charge Density
1.2.1 Hansen-Coppens Multipole Formalism
The experimental determination of electron density is a challenge: basic requirements are high
quality crystals, low temperature sample environment, a sensitive detector with high dynamic
range, versatile integration and data processing software and suitable refinement protocols. If all
these requirements are met, high resolution diffraction allows to analyze the electron density on
halogen bonds and hydrogen bonds in molecular crystals. Most arguments in favor of specific
short interactions are based on geometric results, experimental charge density studies have been
undertaken more rarely.45? –53
Since 1912, when Max von Laue and coworkers for the first time observed the diffraction of X-
rays by a crystal, the basis of X-ray diffraction structural analysis is the independent atom model
(IAM). It treats atoms as neutral and spherically symmetric, regardless of any interaction between
two bonded atoms. Indeed, for the non-hydrogen atoms in general position, the standard resolution
X-ray diffraction could describe quite accurately the position of the scattering center distribution.
With the development of equipment, such as more powerful diffractometers, low-temperature data
collection and faster computers, it is possible to study the electron around the nucleus and the
position of lone pair electrons. One of the most common methods is the aspherical electron dis-
tribution model (multipole model, MM).11,55,56 Based on the multipole refinement following the
Hansen-Coppens atom-centered multipole formalism, the electron density of an atom in a crystal
is described as:
ρat(r) = Pcρcore(r) + Pvκ
3ρvalence(κr) +
lmax∑
l=0
κ′3Rl(κ′r)
l∑
m=0
Plm±dlm±(θ, φ) (1.1)
of which the radial funtion is:
Rl(r) = κ
′3 ζnl+3
(nl+2)!
(κ′r)n(l)exp(−κ′ζlr) (1.2)
where the first term Pcρcore(r) and the second term Pvκ
3ρvalence(κr) in (1.1) are spherical core
and valence density, respectively. The valence density part can be modified by the expansion or
contraction parameters κ. The coefficients Pv and κ are multipole populations of the valence den-
sity and the scaling parameter which controls the expansion or contraction of the valence density.
Plm± and κ′ are multipole populations for the deformation density and scaling parameter which
controls the expansion or contraction of deformation densities, respectively.
As for the radial functions [equation (1.2)], the default ζ is a single value for the electron subshells of
isolated energy-optimized atoms, together with averages over the number of electron shells, which
are suitable as starting point in a least-squares refinement in which the exponents are subsequently
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adjusted by parameters of κ′. The coefficients nl are always following the rule nl ≥ l, imposed by
Poisson’s electrostatic equation, as pointed out by Stewart.57 nl = 2 was suggested for all three
types of product functions (ss orbital, sp orbital and pp orbital lead to monopolar, dipolar and
quadrupolar) of first-row atoms. In a similar way, the octupoles and hexadecapoles arise from 2p3d
and 3d3d atomic orbital products, leading to nl = 3 and 4.
44
In order to solve the problems of scattering factors and the parameters of single slater functions in
radial functions of S atom, one of the most promising methods is taking different nl and ζ values
as the starting point of refinements, accompanied by refinement of κ and κ′.
1.2.2 Data Banks in XD2006
There are four data bank types: CR, BBB, SCM and VM in our multipole refinement program
XD200658. In the absence of a special BANK instruction, the databank CR is used as default.
The data banks differ in the wave functions, scattering factors and their coverage of the periodic
table. The brief characteristics of the four data banks are following:
• The wave functions of the CR data bank are Roothaan-Hartree-Fock atomic wavefunctions from
Clementi and Roetti59, which account all neutral atoms and principal ions up to Kr. Single-ζ
functions are taken from Clementi and Raimondi60. Analytical spherical scattering factors are
from International Tables61. For the transition metal (4s13dn−1), such as, Cu and Cr, the 4s
orbital is included in the ‘core’.
• The wave functions of the BBB data bank are taken from non-relativistic calculations based on
ground-state atoms by Bunge et. al 62, which include all neutral atoms up to Xe. Single-ζ functions
are taken from Clementi and Raimondi60 or Clementi and Roetti59 (for atoms of the 5th row).
Analytical spherical scattering factors are the same as in the CR data bank.
• For the data bank SCM, the wave functions are from Su and Coppens63 for neutral atoms up to
Kr and from Macchi and Coppens64 for neutral atoms Rb-Xe and all chemically relevant ions up
to I−1. Analytical spherical scattering factors are from the same publications. Single-ζ functions
are identical to the BBB data bank.
• The slater type orbital (STO) atomic relativistic wavefunctions of VM65 are taken from the
PBE/QZ4P level of theory for neutral atoms H-Cf (Z=1-98) on the ground state configuration.
Compared to the standard Clementi and Raimondi single-ζ functions, the single-ζ exponents of
VM are from fitting of the density for each given orbital.
1.3 Outline
This thesis presents two topics in molecular solids: high resolution diffraction experiments and chi-
rality transfer from ligand to metal. The results of experimental charge density of halogen bonds,
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hydrogen bonds and the thermal displacement parameters of atoms in crystal will be described in
chapter 2, chapter 3 and chapter 4 independently (Fig 1.1). In chapter 5 (Fig 1.2), the synthesis
and structural characterization of chirality transfer from enantiopure diaminocyclohexane ligand
(R,R-chxn) to Cr(III) complexes are discussed in detail.
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Figure 1.1: Results of high resolution diffraction experiments; each box is one chapter.
1.3.1 High Resolution Diffraction Experiments
Experimental charge density of halogen bonds in halogen-substituted pyridinium salts
The experimental charge density of halogen bonds focuses on three halogen-substituted pyridinium
salts (2-1, 2-2 and 2-3) which were selected from crystals with short interhalogen contacts. Their
structural characterization at the IAM level showed that their packing is dominated by favourable
electrostatic interactions. The multipole models (MM) of the three halogen-substituted pyri-
dinium salts based on the VM data bank65 have been achieved. Due to the parameters such
as R[F 2 > 2σ(F 2)], wR2, GOF and residue electron density ∆ρmax/∆ρmin with significantly bet-
ter quantity criteria than in standard refinement protocols, the reasonable MM could be used to
analyze the bonding situation and halogen interaction topological properties. In this thesis, the
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topological properties mainly include: bond path (Rij), electron density (ρ) at bond critical point
(bcp), Laplacian (52ρ) at bcp, deformation density and electrostatic potential (ESP).
Rij : the gradient path connecting two nuclei which the electron density is a maximum with respect
to any neighbouring line;
bcp: is a (3,-1) critical point with topological definition of a chemical bond. For the ordered 3×3
array Hessian matrix of the ρ, (ω, σ) means different possible critical points. Of which ω is the
number of non-zero eigenvalues or curvatures of ρ and σ is the algebraic sum of the signs of the
curvatures at that point. For bcp, there are 3 curvatures, two curvatures are negative and ρ is a
maximum at bcp in the plane defined by their corresponding axes. ρ is a minimum at bcp along
the third axis, perpendicular to this plane;
52ρ: the second derivatives of ρ, its physical meaning as representing local concentrations with
52ρ < 0 and depletions with 52ρ > 0;
deformation density: the difference between thermally averaged density from MM and the spher-
ically averaged density from IAM. Based on the ∆ρ map, bonding effect and lone pair electrons
regions are visible;
ESP: correlates with dipole moment, electronegativity and partial charges. It provides an approach
to visualize regions of different charge and potential reactivity in molecules.
The Laplacian of the electron density and the electrostatic potential allow to unambiguously assign
the role of electron donors and acceptors within the halogen bonds. They match chemical intuition,
with anionic chlorides as electron donors and substituents of the pyridinium cations as acceptors.
Experimental charge density of hydrogen bonds in biologically active or potentially
biologically active molecules
The experimental charge density studies on hydrogen bonds cover three biologically active or poten-
tially biologically active molecules. Structural analyses at the IAM level show that the moderately
strong O-H· · ·O hydrogen bonds and favourable electrostatic interactions play an important role
in the crystal packing. The CR data bank59,60 for compounds 3-1, 3-2 and 3-3 and SCM63,64
for 3-3 have been used in MM refinement. Based on high-resolution X-ray diffraction, experi-
mental charge density analyses of three compounds provided more detailed topological properties
of hydrogen bonds interactions in solid state. There is no doubt that hydrogen bonds play an
important role in stacking of these compounds. The donors and acceptors of hydrogen bonds can
be recognized by the deformation electron density, 2D or 3D Laplacian of electron density and ESP.
• In order to highlight the effect of hydrogen bonds in the context of topological properties, an
isolated molecule of 3-1 was optimized at the B3LYP/6-311++g(d,p) level in the gas phase start-
ing from the IAM geometry. From theoretically optimized data to multipole model refinement,
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structure factors were generated by Fourier transformation66 with the program Tonto67. The elec-
trostatic potential derived from experimental diffraction data indicates a higher degree of charge
separation in the solid than in the gas phase. This observation matches the antiparallel orientation
of the dipole moments for coplanar molecules arranged in a face-to-face manner in alternating
stacks.
• Nine alternative experimental charge density models of compound 3-2 from high resolution X-
ray diffraction data by applying different nl, ζ and expansion or contraction parameters of valence
electron κ and the scaling parameter controlling the expansion or contraction of deformation den-
sity κ′ are discussed. Model VIII might be the most suitable model for describing the topological
properties of the sulfonate group among nine tested models. However, for the comprehensive com-
parison, the VM data bank refinement and theoretical electron density calculation ought to be
considered.
• For 3-3, the questions about the choice of CR59,60 and SCM63,64 data bank, whether the ionic
compound divided into different groups according to the different charged fragments and whether
atoms treated as charged or neutral at starting point have been discussed in the MM refinement.
Following theses questions, the d -orbital occupancy and d electron population of the central metal
Cu(II) in the complex bis(2,2′-iminodiethanol)-copper(II) 4-nitrobenzoate has been discussed un-
der four strategies.
Anisotropic displacement parameters (ADPs) from temperature-dependent diffrac-
tion experiments
The results of temperature-dependent X-ray diffraction experiments for 4-1, 4-2 and 4-3 are pre-
sented in chapter 4. The ADPs provide a direct experimental way to detect the thermal motion of
an atom in the solid state. Furthermore, the accuracy of the atom thermal motion can be improved
by high-resolution diffraction experiments at low temperature. Dispersion corrected density func-
tional theory (DFT) for the purpose of computing these ADPs with a good quantitative agreement
with the experimental ADPs will not be included in the thesis. Rather, our experiments can be
considered reliable benchmarks.
1.3.2 Chirality Transfer from Ligand to Metal
A detailed scheme for the synthesis in chapter 5 is presented in Fig 1.2. Utilizing the chiral informa-
tion from the enantiopure ligand (R,R-chxn), we are capable to synthesize a chiral-at-metal cationic
building block [Cr(acacCN)2(R,R-chxn)]
+ (5-7) and a related coordination network (5-8). It is
consistent that the stereochemistry in these target solids reflects the configuration once achieved for
such an inert Cr(III) complex should be maintained upon further crosslinking even if the resulting
coordination polymer should not correspond to the thermodynamically most stable product. The
combination of the enantiopure ligand and the alternative chiral (∆ and Λ) configurations at the
center of coordination results in diastereomers. The interionic Coulomb forces, hydrogen bonds
and other ubiquitous weaker interactions may contribute to the different diastereomers. For chi-
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Figure 1.2: The scheme of chirality transfer of chapter 5.
rality transfer within a building block and an extended solid with crystal engineering, our method
was successful.
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Chapter 2
High Resolution Diffraction
Experiments of Halogen Bonds in
Halogen-Substituted Pyridinium
Salts
*The main part of this chapter has been published in Cryst. Growth Des., 2017, 17, 2357-2364.
I thank Michael Wittpahl in the student’s research project for synthesis lab work.
2.1 Introduction
Chapter 2 will focus on the experimental electron density analysis on halogen bonds of halogen-
substituted pyridinium salts based on the high resolution experiments.
According to the universally accepted model, a halogen bond denotes a directional interaction
between a potential electron donor D (mostly N, O, or halogen) and a (heavy) halogen atom X
as the electrophile68 with a lone pair on D directed towards the σ hole69,70 of the electrophile
X bonded to parent atom C which can often be associated with carbon. As to this model, short
halogen bonds in crystalline solids should adopt a linear arrangement D· · ·X-C as shown in Fig 2.1.
The halogen bond model has been outlined above, which is not only associated with a certain ge-
ometry but also involves a characteristic distribution of electron density, and electron density can
be observed by suitable experiments: high resolution X-ray diffraction can provide such informa-
tion and allows to analyze the electron density in the region of the alleged halogen bond.11,13,71–73
In order to get most suitable halogen bonds candidate compounds, database search74 of crystal
structure and a long synthesis list of pyridinium salts have been done using Coulomb interactions
9
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Figure 2.1: Charge distribution in a halogen bond; D is electron-rich and interacts with the σ hole
on X.
between suitably substituted ions of opposite charge to assemble crystals with short interhalogen
contacts. The synthesis scheme of pyridinium salts with potentially interesting halogen bonds is
listed in Table 2.1 and seven new structures (2-3 – 2-9) have been obtained (Fig 2.2). Not sur-
prisingly, these comparatively simple systems had been studied previously. Hydrogen and halogen
bonds, the apparently most relevant interactions in crystalline halopyridinium salts, have been
systematically investigated by the groups of Willett75–78 and Brammer.79–86
Figure 2.2: Composition of single crystal structures of pyridinium salts discussed in this contribu-
tion.
Followed Table 2.1, most known single crystal structure of pyridinium salts can be repeated, and
seven new structures (2-3 – 2-9) have been achieved from selecting process. But which kinds of
structures of pyridinium salts can be utilized in analyzing halogen bonds by experimental electron
density at the level of high resolution?
There are several criterions for selecting the most suitable candidates:
• The quality of crystal should be as good as possible: twin phenomenon, disordered fragments and
phase transition should not be detected in these structures; besides, the diffraction information
10
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should be seen in the area of resolution of 2θ more than 90 ◦.
• The unit cell size of single crystal should not be huge. Normally, based on same amount of
data frames, the volume of target compounds being less than 1000 (A˚3) could provide more detail
bonding information in multipole refinements.
• The single crystal structures of these candidates should contain interesting halogen contacts, espe-
cially short halogen-halogen contacts (two halogen atoms distance less than Van der Waals radius).
Figure 2.3: Composition of the pyridinium salts investigated by high resolution X-ray diffraction
experiments.
Based on mentioned above, in this contribution, 2-1, 2-2 and 2-3 (see Fig 2.3) have been cho-
sen to study the experimental electron density, of which halogen-substituted pyridinium salts as
cations and crystallized their halides (2-1) or tetrachloridometallates (2-2, 2-3) can satisfy these
principles. In the context of their work, earlier authors have also performed diffraction experiments
for (2-1)75, (2-2)77,80 and compounds isomorphous with (2-3).77 These earlier reports on short
contacts in halopyridinium salts are based on diffraction data at standard resolution and either
focus on experimental geometries or on results from theory for which diffraction results at stan-
dard resolution provided the structural input.76,90,92–94 We here analyze the experimental charge
density and critically evaluate its significance with respect to the short interhalogen contacts and
hydrogen bonds.
2.2 Crystal Structure Analysis in IAM
Earlier results based on X-ray diffraction experiments at standard resolution are available for
2-175 and 2-277,80. The tetrachloridozincates 2-3 – 2-7, tetrabromozincates 2-8 and tetrabromo-
cobaltate 2-9 are new compounds; however, 2-3 – 2-5 are isomorphous to the analogous tetra-
chloridocuprate or tetrabromocuprate77,84,90. These earlier reports comprised series of analogous
compounds and aimed at a systematic understanding of trends caused by substitution pattern and
halide anions involved, with an emphasis on short contacts.
For compounds 2-7 – 2-9, without any former related structures reports, four 3,5-dichloropyridinium
cations and two MX2−4 (ZnCl
2−
4 of 2-7, ZnBr
2−
4 of 2-8 and CoBr
2−
4 of 2-9) ions are contained
in the asymmetric unit. The short halogen contacts of these three compounds are less interesting
due to the distances between two halogen atoms are close to the van-der-Waals radii. The more
interesting short contacts are hydrogen bonds with N-H· · ·X (X=Cl and Br), which might be the
12
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good candidates for experimental charge density study of hydrogen bonds in pyridinium salts.
Before we focus on such short contacts with the help of our high resolution data and multipole
refinement results for 2-1 – 2-3, we follow an alternative approach to describe the solids 2-1 –
2-9 by highlighting their basic construction principle, namely electrostatic interactions. Fig 2.4
shows the arrangement of pyridinium cations and chloride anions in 2-1: most short contacts occur
between residues of opposite charge. Fig 2.4 also highlights the obvious exception: it is observed
about the crystallographic center of inversion at the origin of the unit cell and involves shortest
C···C contacts of 3.7 A˚ between neighbouring bromopyridinium cations. The resulting antiparallel
dipole arrangement can again be associated with favourable electrostatics.
Figure 2.4: Distribution of cations (represented by their center of gravity, blue) and anions (red)
in 2-1, projected on the bc plane. The inset shows the antiparallel orientation of two cations about
a center of inversion.
Favourable electrostatic contributions are readily detected for the tetrachloridometallates 2-2 and
2-3, as well. We anticipate that the above mentioned motif, antiparallel stacking of pyridinium
cations about inversion centers at distances slightly longer than van-der-Waals contacts, is also
observed for 2-2 and 2-3. The tetrachloridometallate anions in these salts merit a short compari-
son. As a consequence of its d9 electron configuration, the [CuCl4]
2− moiety in 2-2 shows strong
Jahn-Teller distorsion (Fig 2.5 left). The chloride ligands subtend two large (146 and 138 ◦) and
four small (94 - 98 ◦) angles, thus indicating a coordination environment between square-planar
and tetrahedral.
A database search74 (version 5.36) gave 881 (error-free, no disorder) occurrences of [CuCl4]
2− an-
ions. The largest Cl-Cu-Cl angle in these building blocks adopts a clearly bimodal distribution,
with maxima for square planar at ≤ 180 and distorted tetrahedral coordination at ca. 140 ◦ for
the Cl-Cu-Cl angles (Fig 2.6 and 2.7).
13
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Figure 2.5: Distorted CuCl2−4 polyhedron in 2-2 and ZnCl
2−
4 tetrahedron in 2-3.
Figure 2.6: Histogram for the larger (110-180◦) Cl-Cu-Cl angles in a distorted CuCl2−4 ion based
on a CSD search (version 5.36).
Electrostatic interactions also dominate packing in 2-2 (Fig 2.8) and 2-3 (Fig 2.9). In contrast to
the dianion in 2-2 and to its isomorphous Cu(II) derivative77, the tetrachloridozincate in 2-3 corre-
sponds to an almost undistorted tetrahedron as expected for a d10 system (Fig 2.5 right). Fig 2.10
summarizes the short contacts in 2-1 – 2-3. The geometry of halogen and hydrogen bonds in 2-175
and 2-277,80 has been extensively discussed. In the new compound 2-3, the 2-chloropyridinium
cation interacts with two neighbouring dianions by an almost linear (177 ◦) N-H···Cl hydrogen
bond and by a C-Cl···Cl halogen bond, again in almost linear geometry and with Cl···Cl = 3.24 A˚.
For the ionic compounds 2-4 – 2-9, there is no exception that electrostatic interactions play a
major role in packing pattern (seeing Fig 2.11 – 2.14). With extra one water molecule in the
asymmetrc unit of compound 2-6 (Fig 2.13), the orientations of two neighbouring pyridinium
rings follow similar antiparallel dipole arrangement role. Crystal data and refinement results of
compounds 2-1 – 2-9 are listed in Table 2.2 – 2.4. Due to the compounds 2-7 – 2-9 are isomor-
phous, here only the electrostatic interactions packing pattern of compound 2-7 is given in Fig 2.14.
14
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Figure 2.7: Histogram for the smaller (80-110◦) Cl-Cu-Cl angles in a distorted CuCl2−4 ion based
on a CSD search (version 5.36).
Figure 2.8: Electrostatic interactions in the packing of 2-2; the view direction is along a axis.
15
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Zn 
Cl 
N 
C 
c 
b(0) a 
Figure 2.9: Electrostatic interactions in the packing of 2-3; the view direction is slightly inclined
with respect to b axis.
2-1                                          2-2                                      2-3 
Figure 2.10: Hydrogen bonds and inter-halogen interactions in 2-1, 2-2 and 2-3. H atoms are
shown as spheres with a radius of 0.10 A˚. Symmetry operators: i = 1-x, 1-y, -z; ii = 1-x, 1-y, -z;
iii = 2-x, -y, -z; iv = x, 3/2-y, 1/2+z; v = 3/2-x, 3/2-y, z and vi = 3/2-x, y, -1/2+z.
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Figure 2.11: Electrostatic interactions in the packing of 2-4; the view direction is along a axis.
Figure 2.12: Electrostatic interactions in the packing of 2-5; the view direction is along b axis.
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Figure 2.13: Electrostatic interactions in the packing of 2-6; the view direction is along b axis.
Figure 2.14: Electrostatic interactions in the packing of 2-7; the view direction is along a axis.
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Table 2.2: Crystal data and refinement results of 2-1 – 2-3.
Structure 2-1 2-2 2-3
Empirical formula C5H5BrClN C10H10Cl6CuN2 C10H10Cl6N2Zn
Molecular weight 194.46 434.45 436.27
Z 2 2 4
cryst. system triclinic triclinic orthorhombic
space group P 1¯ P 1¯ Pccn
a (A˚) 4.7750(3) 7.1459(8) 14.8904(3)
b (A˚) 7.7459(5) 7.6784(4) 7.5087(2)
c (A˚) 9.1691(6) 15.4187(10) 14.6636(3)
α(◦) 84.2844(8) 82.451(5)
β(◦) 76.9703(7) 80.693(6)
γ(◦) 86.0817(7) 71.146(5)
V (A˚3) 328.39(4) 781.09(11) 1639.50(5)
Total 24502 204186 92407
Rint (all data) 0.0455 0.0288 0.0602
Rint [F
2 > 2σ(F 2)] 0.0398 0.0272 0.0549
(sinθ/λ)max (A˚
−1) 1.00 1.22 1.00
cryst. size (mm) 0.21× 0.07× 0.06 0.32× 0.28× 0.22 0.22× 0.21× 0.17
µ (mm−1) 6.552 2.404 2.461
Absorption Correction Detailsa
Tmin (multi-scan) 0.549 0.737 0.579
Tmax (multi-scan) 0.749 0.864 0.751
Tmin (absorption) 0.340 0.513 0.613
Tmax (absorption) 0.695 0.619 0.680
Independent Atom Model
R[F 2 > 2σ(F 2)] 0.0297 0.0221 0.0288
wR2 0.0626 0.0568 0.0745
GOF 1.048 1.108 1.048
No. of reflection in refinement 5511 23612 6868
No. of parameters 89 212 103
∆ρmax/∆ρmin(eA˚
−3) 0.768/-0.902 0.823/-0.448 0.844/-0.613
CCDC 1509787 1537557 1509792
Multipole Model
R[F 2 > 2σ(F 2)] 0.026 0.016 0.024
wR2 0.051 0.045 0.065
GOF 0.995 1.062 0.996
No. of reflection in refinement 5511 23612 6692
No. of parameters 293 689 346
∆ρmax/∆ρmin(eA˚
−3) 0.698/-0.666 0.452/-0.399 0.605/-0.694
CCDC 1509788 1509790 1537624
aTmin (multi-scan) and Tmax (multi-scan) are the minimum and maximum correction factors applied by the scaling
program; Tmin (absorption) and Tmax (absorption) are the minimum and maximum transmission estimated from
crystal dimensions and linear absorption coefficient.
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Table 2.3: Crystal data and refinement results of 2-4 – 2-6.
Structure 2-4 2-5 2-6
Empirical formula C10H10Cl4I2N2Zn C10H10Br2Cl4N2Zn C10H12Br2Cl4N2OZn
Molecular weight 619.17 525.19 543.21
Z 4 4 4
cryst. system monoclinic monoclinic orthorhombic
space group P21/c C2/c Pnma
a (A˚) 6.9925(4) 16.472(2) 13.679(10)
b (A˚) 16.1174(9) 7.3487(11) 9.464(7)
c (A˚) 15.7754(9) 13.982(2) 13.388(10)
β (◦) 95.9410(10) 100.375(2)
V(A˚3) 1768.35(17) 1664.8(4) 1733(2)
Total/unique reflections 26484/5217 12268/2481 6323/2471
Rint (all data) 0.0374 0.0816 0.0663
R[F 2 > 2σ(F 2)] 0.0225 0.0335 0.0583
(sinθ/λ)max (A˚
−1) 0.72 0.72 0.72
wR2 0.0498 0.0790 0.1301
GOF 1.079 1.053 1.155
No. of parameters 172 87 110
CCDC number 1544660 1544661 1544662
Table 2.4: Crystal data and refinement results of 2-7 – 2-9.
Structure 2-7 2-8 2-9
Empirical formula C10H8Cl8N2Zn C10H8Br4Cl4N2Zn C10H8Br4Cl4CoN2
Molecular weight 505.15 682.99 676.55
Z 4 4 4
cryst. system triclinic triclinic triclinic
space group P 1¯ P 1¯ P 1¯
a (A˚) 8.6181(6) 8.8739(15) 8.8698(9)
b (A˚) 12.8068(9) 13.469(2) 13.4808(13)
c (A˚) 16.7622(12) 17.284(3) 17.2853(17)
α (◦) 85.5270(10) 79.539(2) 79.570(2)
β (◦) 79.0540(10) 78.467(2) 78.4950(10)
γ (◦) 80.1700(10) 76.968(2) 76.8620(10)
V(A˚3) 1787.7(2) 1951.7(6) 1952.3(3)
Total/unique reflections 27234/10232 29870/11250 29995/11214
Rint (all data) 0.0374 0.0737 0.0525
R[F 2 > 2σ(F 2)] 0.0303 0.0464 0.0384
(sinθ/λ)max (A˚
−1) 0.72 0.72 0.72
wR2 0.0704 0.1061 0.0816
GOF 1.031 1.019 1.010
No. of parameters 379 379 379
CCDC number 1544663 1544664 1544665
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2.3 Crystal Structure Analysis in MM
The resolution of our diffraction experiments enabled us to perform multipole refinements for the
first three compounds in our synthesis scheme 2-1, 2-2 and 2-3, to interprete the resulting electron
density and to access information beyond the commonly used geometric criteria. In principle, a
topological analysis of the electron density according to Bader’s QTAIM partitioning scheme43
allows to extract details about the strength and nature of chemical bonds and short contacts. In
this context, we will also address the question to what extent the topological properties of such an
advanced density model differ from that of a simple promolecule density95.
For all three pyridinium salts not only (3, -1) critical points for the covalent and coordinative bonds
but also for short contacts such as hydrogen and halogen bonds could be located. Tables 2.5 – 2.7
compile the properties of the bond paths and the electron density in the interhalogen contacts for
2-1 – 2-3. As expected, all covalent bonds in the pyridinium cations are characterized by negative
and the coordinative bonds between metal centers and chlorido ligands in the anions by positive
values for the Laplacian of the electron density at the bond critical point (bcp).
Table 2.5: Topological properties of the electron density in the bond critical points for 2-1 after
multipole refinement.
Bond Bond dist.(A˚) Rij(A˚) d1(A˚) d2(A˚) ρ(e·A˚−3) ∇2ρ (e·A˚−5)
inter-
Br1· · ·Cl1i 3.3652(3) 3.3653 1.7227 1.6426 0.081(2) 0.862(2)
H1· · ·Cl1 2.02 2.3143 0.6537 1.3606 0.25(7) 1.5(2)
intra-
Br1 - C2 1.8824(11) 1.8833 1.0197 0.8636 1.12(4) -1.0(2)
N1 - C1 1.3420(2) 1.3438 0.8941 0.4497 1.95(7) -24.5(4)
N1 - C5 1.3390(2) 1.3402 0.8520 0.4882 2.16(8) -24.1(5)
N1 - H1 1.009 1.0093 0.7544 0.2549 2.0(2) -20.6(6)
C1 - C2 1.3861(2) 1.3876 0.7078 0.6798 2.15(6) -20.3(2)
C1 - H1C 1.083 1.0876 0.8181 0.2695 1.64(9) -19.5(5)
C2 - C3 1.3938(2) 1.3936 0.6970 0.6966 2.27(6) -25.2(2)
C3 - C4 1.3948(2) 1.3937 0.6441 0.7512 2.10(6) -19.8(2)
C3 - H3 1.083 1.0876 0.6704 0.4172 1.85(9) -16.4(3)
C4 - C5 1.3922(2) 1.3926 0.6313 0.7614 2.38(7) -27.4(3)
C4 - H4 1.083 1.0847 0.6721 0.4126 1.9(2) -18.3(3)
C5 - H5 1.083 1.0838 0.7551 0.3287 1.8(2) -19.4(4)
i = 1 − x, 1 − y,−z; d1(d2) is the distance from the first (second) atom to (3,-1) critical point, Rij =
d1 + d2, ρ is the electron density at bcp, ∇2ρ is the Laplacian of the electron density at bcp.
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Table 2.6: Topological properties of the electron density in the bond critical points for 2-2 after
multipole refinement.
Bond Bond dist.(A˚) Rij(A˚) d1(A˚) d2(A˚) ρ(e·A˚−3) ∇2ρ (e·A˚−5)
inter-
Cl1· · ·Cl6 3.2260(4) 3.2258 1.5992 1.6266 0.084(2) 1.006(2)
Cl2· · ·Cl3 3.2892(4) 3.2895 1.6302 1.6593 0.073(2) 0.867(2)
H1· · ·Cl5iii 2.48 2.4758 0.9479 1.6163 0.07(2) 1.38(2)
H1· · ·Cl6iii 2.36 2.4463 0.8491 1.5972 0.10(3) 0.66(3)
H6· · ·Cl6vii 2.13 2.1578 0.6865 1.4713 0.13(4) 2.33(2)
H6· · ·Cl3vii 2.87 2.8925 1.2318 1.6606 0.08(3) 0.77(4)
intra-
Cu1 - Cl3 2.2414(2) 2.2413 1.0467 1.1946 0.45(2) 6.536(6)
Cu1 - Cl4 2.2430(2) 2.2428 1.0438 1.1989 0.45(2) 6.613(6)
Cu1 - Cl5 2.2326(2) 2.2321 1.0190 1.2131 0.51(2) 7.456(6)
Cu1 - Cl6 2.3012(2) 2.3024 1.0436 1.2588 0.445(9) 6.399(6)
Cl1 - C2 1.7148(10) 1.7151 0.9604 0.7547 1.50(6) -5.5(2)
Cl2 - C7 1.7204(11) 1.7209 0.9586 0.7623 1.30(6) -3.0(2)
N1 - C1 1.3470(2) 1.3495 0.8997 0.4498 2.5(2) -24.8(7)
N1 - C5 1.3453(2) 1.3465 0.9123 0.4343 2.4(2) -20.1(7)
N1 - H1 1.009 1.0103 0.7380 0.2724 2.0(2) -24.0(2)
N2 - C6 1.3431(2) 1.3453 0.8683 0.4769 2.2(2) -21.3(6)
N2 - C10 1.3412(2) 1.3416 0.7988 0.5429 2.3(2) -23.0(6)
N2 - H6 1.009 1.0091 0.7555 0.2535 2.2(2) -32.0(7)
C1 - C2 1.3844(2) 1.3848 0.7862 0.5985 2.19(7) -20.7(3)
C1 - H1C 1.083 1.0833 0.7208 0.3624 2.0(2) -24.8(4)
C2 - C3 1.3938(2) 1.3936 0.6818 0.7117 2.30(7) -24.4(3)
C3 - C4 1.3940(2) 1.3963 0.7086 0.6877 2.18(7) -23.9(3)
C3 - H3 1.083 1.0841 0.7708 0.3134 1.8(2) -21.5(5)
C4 - C5 1.3866(2) 1.3863 0.5871 0.7992 2.27(8) -24.1(4)
C4 - H4 1.083 1.0841 0.6953 0.3889 1.9(2) -20.2(4)
C5 - H5 1.083 1.0830 0.7888 0.2942 1.8(2) -22.4(7)
C6 - C7 1.3808(2) 1.3814 0.8169 0.5646 2.33(8) -27.8(4)
C6 - H6C 1.083 1.0834 0.7296 0.3538 1.7(2) -14.7(4)
C7 - C8 1.3990(2) 1.3994 0.7595 0.6399 2.12(7) -20.5(3)
C8 - C9 1.3891(2) 1.3921 0.6901 0.7019 2.22(7) -22.9(3)
C8 - H8 1.0830 1.0840 0.7687 0.3153 1.8(2) -17.9(5)
C9 - C10 1.3847(2) 1.3849 0.7047 0.6802 2.30(8) -23.3(3)
C9 - H9 1.083 1.0844 0.7049 0.3795 1.9(2) -19.4(4)
C10 - H10 1.083 1.0845 0.7691 0.3154 1.8(2) -18.1(6)
iii = 2− x,−y,−z; vii = 1− x,−1− y, 1− z; d1(d2) is the distance from the first (second) atom to (3,-1)
critical point, Rij = d1 + d2, ρ is the electron density at bcp, ∇2ρ is the Laplacian of the electron density
at bcp.
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Table 2.7: Topological properties of the electron density in the bond critical points for 2-3 after
multipole refinement.
Bond Bond dist.(A˚) Rij(A˚) d1(A˚) d2(A˚) ρ(e·A˚−3) ∇2ρ (e·A˚−5)
inter-
Cl1· · ·Cl2 3.2411(3) 3.2730 1.5980 1.6750 0.109(3) 0.930(3)
H1· · ·Cl3vi 2.11 2.1810 0.7260 1.4550 0.28(6) 0.6(2)
intra-
Zn1 - Cl2 2.2545(2) 2.2545 0.9966 1.2579 0.460(8) 5.268(8)
Zn1 - Cl3 2.2879(2) 2.2879 1.0049 1.2830 0.446(7) 5.254(7)
Cl1 - C1 1.7046(7) 1.7121 0.7610 0.9511 1.34(6) -2.4(2)
N1 - C1 1.3459(11) 1.3475 0.8502 0.4973 2.3(2) -26.9(6)
N1 - C5 1.3473(11) 1.3496 0.8867 0.4629 2.2(2) -31.3(7)
N1 - H1 1.009 1.0096 0.7198 0.2898 1.9(2) -14.9(2)
C1 - C2 1.3849(10) 1.3866 0.8310 0.5557 2.14(8) -27.0(4)
C2 - C3 1.3967(12) 1.3968 0.6926 0.7042 2.20(8) -22.1(3)
C2 - H2 1.083 1.0831 0.7821 0.3010 1.6(2) -19.7(4)
C3 - C4 1.3955(12) 1.3961 0.6925 0.7036 2.21(8) -24.4(3)
C3 - H3 1.083 1.0836 0.6840 0.3996 1.7(2) -14.7(4)
C4 - C5 1.3806(11) 1.3827 0.6351 0.7475 2.16(8) -24.3(4)
C4 - H4 1.083 1.0838 0.6688 0.4149 1.7(2) -13.9(3)
C5 - H5 1.083 1.0872 0.7208 0.3664 1.7(2) -12.4(4)
vi = x, 3/2− y, 1/2 + z; d1(d2) is the distance from the first (second) atom to (3,-1) critical point, Rij =
d1 + d2, ρ is the electron density at bcp, ∇2ρ is the Laplacian of the electron density at bcp.
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We will here focus on the secondary interactions, in particular on short contacts between halogen
atoms. All three compounds 2-1 – 2-3 show interhalogen contacts which are significantly shorter
than the sum of the van-der-Waals radii96. In Fig 2.15, the X···X interactions may be identified
on the Hirshfeld surfaces97–99 of the pyridinium cations. The short contacts in 2-175 and 2-277,80
have been addressed as halogen-halide synthons or halogen bonds and their geometric features
have been discussed in detail. They occur between pyridinium cations and chloride (in 2-1) or
tetrachloridometallate (in 2-2 and 2-3) counteranions: a strong charge assistance can be expected
and is indeed reflected in the experimental electron density. According to the Hansen-Coppens
multipole model, the halide substituent in the pyridinium cations represents the less, the anionic
chloride the more negative partner in each X···X contact.
1""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""2""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""3""""" 
Br 
Cl 
Cli 
Brii 
Cl2  Cl1 
Cl6 Cl3  Cl1  Cl2 
Cl3vi 
2-1                                        2-2                                        2-3 
Figure 2.15: Visualization of interhalogen contacts in 2-1, 2-2 and 2-3 with the help of Hirshfeld
surfaces using CrystalExplorer; short contacts are coded in red on the surface. Symmetry operators:
i = 1-x, 1-y, -z; ii = 1-x, 1-y, -z and vi = x, 3/2− y, 1/2 + z.
Short contacts to halogen atoms in other compounds investigated by high resolution X-ray diffrac-
tion have been included for comparison. The electron density ρ in the bcp shows the trend also
expected for overlapping promolecule densities and is larger for short contact distances. Estimates
for the kinetic energy density G and ratio between kinetic energy density and electron density
in bcp, G/ρ were derived following the procedure of Abramov;100 the potential energy density V
was calculated according to the local virial theorem101,102. G/ρ quite uniformly adopts numerical
values between 0.6 and 0.8 when expressed in atomic units. The two independent Cl· · ·Cl contacts
in 2-2 (Fig 2.10) differ: the electron density in the bcp is higher in the slightly shorter contact
Cl1· · ·Cl6 (0.084 e·A˚−3) than in Cl2· · ·Cl3 (0.073 e·A˚−3).
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The commonly accepted model for halogen bonds involves electrostatic interactions between suit-
ably oriented and polarized residues. For the Cl· · ·Cl contacts in 2-2 and 2-3, the position of the
bcp along the bond path is closer to the pyridinium-bonded halide. This matches chemical intu-
ition: the chlorido ligands in the metallate anion act as electron-rich and the chloro substituents
in the pyridinium cations as electron-deficient partners in the halogen bonds. The electrostatic
potential measures the potential energy exerted on a positively charged probe in space; it was de-
rived from the experimentally determined charge densities for 2-1 – 2-3 according to the approach
of Volkov et al.104 The Laplacian of the electron density emphasizes local charge accumulations
and depletions, and an isosurface of the Laplacian reflects these properties in a very sensitive way
via its shape. In Fig 2.16, the electrostatic potentials have been mapped on Laplacian isosurfaces
(Program Moliso105); the combination of both properties allows to identify regions prone to elec-
trophilic and nucleophilic contacts and clarifies the role of electron donors and acceptors partaking
in short X···X interactions. With the help of the electrostatic potential, the role of opposite charges
in our salts becomes very obvious and the electron donor and acceptor hole σ partners can be im-
mediately identified.
1"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""2""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""3""""" 
Br 
Cl 
Cli 
Brii 
Cl2 
Cl1 
Cl6 
Cl3 
Cl1 
Cl2 
Cl3 
Cl2 
Cl6 
Cl1 
Cl1 
l2 
2-                                           -2                                      2-3 
Figure 2.16: Electrostatic potential mapped on Laplacian isosurfaces (isosurface values -1.8 e·A˚−5
for 2-1, -2.2 e·A˚−5 for 2-2 and -1.3 e·A˚−5 for 2-3). Symmetry operators: i = 1-x, 1-y, -z and ii =
1-x, 1-y, -z.
We will now address the second type of directional short contacts in 2-1 – 2-3, namely the classical
NH···Cl hydrogen bonds. Properties for the electron density in their H···Cl bond critical points are
listed in Table 2.9, together with charge density results for compounds with short (non-classical)
CH···X contacts.
For the more popular classical hydrogen bonds with nitrogen or oxygen acceptor, G/ρ amounts
could reach to about 1.043 and that significantly smaller values indicate the onset of shared inter-
actions in very short OH···O bonds4. No such trend can be deduced for the contacts in Table 2.8:
in view of the rather large experimental error associated with the electron density in the bcp, it is
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no surprise that G/ρ scatters over a wide range. All X···X contacts in the table are associated with
a ratio G/ρ smaller than unity, and this value is not sensitive to the contact distance. We admit
that 2-1 – 2-3 are not ideally suited106 for the study of hydrogen bonds with Cl acceptors. In order
to test whether the observed G/ρ less than unity is a general property of NH···Cl interactions, we
are planning high resolution diffraction experiments and an experimental charge density study for
a compound with a NH···Cl hydrogen bond and without competing directional interactions such
as short interhalogen contacts.
We may combine our results with respect to G/ρ, the ratio between kinetic energy density and
electron density in the bcp, for X···X and for H···X contacts in a common graph: Fig 2.17 shows
G/ρ as a function of the electron density ρ and the Laplacian of the electron density. The often
very strong hydrogen bonds with O as acceptor cover a wide range; cases with very high electron
density in the bcp are not even contained in the figure. Much less variation can be expected from
contacts to halogen. At least based on the data available now, we conclude that G/ρ does not
represent a very sensitive criterium for categorizing halogen bonds or hydrogen bonds with respect
to crystal engineering.
Figure 2.17: Ratio G/ρ as a function of the electron density ρ and its Laplacian; all quantities refer
to the bond critical point. Experimental results for X···X halogen contacts are shown in yellow,
for H···X in red and for H···O in orange.
We come back to the symmetrically independent Cl· · ·Cl contacts in 2-2. Table 2.8 shows that
Cl1· · ·Cl6 is slightly shorter than Cl2· · ·Cl3 and associated with a higher electron density in the
bond critical point. Fig 2.18 summarizes the closest ionic residues in the neighborhood of Cl1· · ·Cl6
and Cl2· · ·Cl3. Cl6 is engaged in a short Cl· · ·Cl contact and two short Cl· · ·H-N bonds whereas
Cl3 is ”only” involved in a halogen bond. Although the Cl· · ·Cl distances are rather similar, the
environments for the partaking halogen atoms differ. This may justify the different electron den-
sity distributions and electrostatic potentials (Fig 2.16, middle) for the halogen atoms involved
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in these contacts, i.e. Cl1 versus Cl2 and Cl6 versus Cl3. Geometry data support this idea: the
short interhalogen contacts Cl1· · ·Cl6 and Cl2· · ·Cl3 are subtended by two significantly different
Cu-coordinating chlorido ligands: Cu1-Cl6 is by far the longest Cu-Cl coordinative bond because
Cl6 is engaged in the shorter hydrogen and halogen contacts (Fig 2.18).
Figure 2.18: Relationship between short contacts in 2-2. Secondary interactions are shown as
dashed lines. Symmetry operators: iii = 2-x, -y, -z and iv = 1-x, -1-y, 1-z.
2.4 Synthesis and Characterization
Procedures by Willett et al. were used to synthesize and crystallize compounds 2-175, 2-277,
2-490 and 2-5, 2-678. The compound 2-2 can be repeatedly synthesized by more detail methods:
4 mmol (0.375 mL) of 3-chloropyridine was dissolved in about 3 mL of acetonitrile and mixed with
2 mL of concentrated hydrochloric acid. 2 mmol (341 mg) of copper (II) chloride dihydrate was
dissolved in about 3 mL of acetonitrile. The dissolved 3-chloropyridine was added to the copper
(II) chloride solution dropwise and stirred, after several minutes giving a clear yellow solution.
After a few hours, yellow rods of product 2-2 are formed on the upper edge of the test tube. The
suitable quality single crystal can be obtained by separating the clear yellow solution from the
mother liquid after 2 days.
The new compound 2-3 was synthesized as followed: 1 mmol of ZnCl2 was dissolved in 5 mL of
ethanol, and the solution was acidified with 1 mL of concentrated hydrochloric acid. 2 mmol of
2-chloropyridine were dissolved in 5 mL of ethanol acidified with 1 mL of concentrated hydrochlo-
ric acid. The two solutions were combined and stirred for 15 min at room temperature, filtrated
and allowed to evaporate at ambient temperature. After ca. 2 weeks, colorless platelets crystallized.
The isomorphers 2-7 – 2-9 were synthesized by prosedure: 2 mmol of 3,5-dichloropyridine were
dissolved in 5 mL of ethanol acidified with 2 mL of concentrated hydrochloric acid. 1 mmol of
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Table 2.10: Resolution and completeness of the diffraction data for 2-1 – 2-3.
Compound Resolution (A˚) 2θmax(
◦) No. of reflection completeness (%)
2-1 0.72 61.93 5097 99
2-2 0.70 62.00 49573 99
2-3 0.72 61.87 23276 100
2-1 0.50 91.12 24502 98
2-2 0.41 120.00 204186 100
2-3 0.50 90.00 92407 100
MX2 (M = Zn and Co; X = Cl and Br) was dissolved in 5 mL of ethanol, and the solution was
acidified with 3 mL of concentrated hydrochloric acid. At ambient temperature, two solutions were
combined and stirred for 15 min, filtrated and crystallized after one week.
Crystalline 2-2 undergoes decomposition: evaporation of hydrogen chloride leads to the pyridine
complex [CuCl2(3-Clpy)2]
80 as indicated by the change in microanalyses. 2-2 [C10H10Cl6CuN2]:
C, 27.65; H, 2.32; N, 6.45. Found: C, 28.02; H, 2.25; N, 6.89. 2-2 without 2·HCl [C10H8Cl4CuN2]:
C, 33.22; H, 2.23; N, 7.75. Found: C, 33.59; H, 2.25; N, 8.04. 2-3 [C10H10Cl6N2Zn]: C, 27.53;
H, 2.31; N, 6.42. Found: C, 27.68; H, 2.91; N, 6.76. 2-4 [C10H10Cl4I2N2Zn]: C, 19.60; H, 1.64;
N, 4.57. Found: C, 19.28; H, 1.60; N, 4.76. 2-5 [C10H10Br2Cl4N2Zn]: C, 23.15; H, 1.94; N, 5.40.
Found: C, 23.40; H, 1.50; N, 5.76. 2-6 [C10H12Br2Cl4N2OZn]: C, 22.38; H, 2.25; N, 5.22. Found:
C, 22.41; H, 2.58; N, 5.76. 2-7 [C10H8Cl8N2Zn]: C, 24.08; H, 5.62; N, 1.62. Found: C, 24.52; H,
5.50; N, 1.72. 2-8 [C10H8Br4Cl4N2Zn]: C, 17.60; H, 4.01; N, 1.20. Found: C, 17.58; H, 4.10; N,
1.18. 2-9 [C10H8Br4Cl4N2Co]: C, 17.75; H, 4.14; N, 1.19. Found: C, 17.80; H, 4.25; N, 1.06.
2.5 Data Collection and Structure Refinement Detail
Suitable single crystals were cooled from ambient temperature to 100 K over a period of 1 h, using
an Oxford Cryosystems 700 controller. Mo Kα radiation (λ = 0.71073 A˚) was used in all data
collections. Intensities for compound 2-2 were obtained on an Enraf-Nonius KappaCCD with a
rotating anode and a Helios focusing multilayer optics; EVALCCD107 was used for integration.
Intensity data for the other 8 compounds were collected on a Bruker D8 goniometer equipped with
an APEX CCD area detector and an Incoatec microsource. The data were integrated using the
program SAINT+108. For all compounds, scaling and absorption correction by multi-scan methods
were performed with the help of SADABS.109 A summary of resolution and data completeness is
listed in Table 2.10.
The structures were solved by direct methods.110 The independent atom model (IAM) was re-
fined by full matrix least squares procedures based on F 2.[ 111] Non-hydrogen atoms were assigned
anisotropic displacement parameters. Coordinates for hydrogen atoms were refined freely. In the
case of 2-1 and 2-3, isotropic displacement parameters for H atoms were constrained to multiples
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Table 2.11: Overview of contraction parameters for 2-1 – 2-3; parameters in bold face have been
freely refined.
Compound 2-1 2-2 2-3
κ κ′ κ κ′ κ κ′
M 1.005 1.294 1.14 1.0
X 0.990(Br) 1.5 1.013(Cl1−2) 1.5(Cl1−2) 0.883(Cl1) 1.0
0.996(Cl) 1.5 0.997(Cl3−6) 1.5(Cl3−6) 0.903(Cl2) 1.0
N 0.998 1.047 0.995 1.015 1.011 1.0
C 0.983 0.879 0.990 0.833 0.974 1.0
H 1.109(HC) 1.2 1.222(HC) 1.2 1.13 1.2
1.257(HN ) 1.2 1.178(HN ) 1.2 1.13 1.2
Cl1−2 are Cl atoms substituted pyridinium ring and Cl3−6 are Cl atoms of CuCl2−4 of compound 2-2;; HC is the
H atom belongs to C and HN is the H atom belongs to N.
of the equivalent displacement parameter of the parent atoms; for 2-2, they were refined freely.
Convergence parameters have been compiled in Table 2.2. The IAM crystal data and refinements
results for compounds 2-4 – 2-9 are listed in Table 2.3 and 2.4.
The final IAM served as starting point for the multipole model (MM). Data were merged with
the help of the program mergehklf5.112 For each reflection, internal [Σ(|(I−I¯)|)/(n√n− 1)] and
external [
√
Σ(w · σ2)/(n ·Σw)] standard uncertainties (sus) were calculated and the larger of these
values was used as the su of the averaged intensity. Multipole refinements on F 2 based on the
Hansen-Coppens formalism for aspheric atomic density expansion44 were carried out with the pro-
gram XD2006;58 the VM data bank65 was used. Refinement was conducted with all intensity data
for 2-1 and 2-2; for 2-3, reflections with I > 2σ(I ) were considered observed. Multipoles up to
hexadecapoles for non-H atoms and up to quadrupoles for the N bonded hydrogen atoms were
refined; the latter are the only donors in classical hydrogen bonds. The remaining H atoms were
assigned bond-directed dipoles. In the MM, C-H and N-H distances were constrained to 1.083 and
1.009 A˚, respectively. After convergence, both IAM and MM models gave satisfactory results for
the rigid-bond test.113
In the case of 2-1, κ and κ′ parameters for N and C were refined; κ′ for Br and Cl were constrained
to 1.5. κ′ for all H involved in three compounds to 1.2. For 2-2 and 2-3, Cl substituents in the
pyridinium cations and in the anions were assigned different expansion-contraction parameters. κ
of Cl were freely refined, but the κ′ of Cl were fixed to 1.5 in 2-2 and 1.0 in 2-3 independently.
Except Cl atoms, the κ of Cu, N, C and H and κ′ of Cu, C, N in 2-2 were refined without any
constrain. In 2-3, the κ of Zn were fixed to 1.14 to keep charge of Zn reasonablely (2+) and the
κ of H were fixed to 1.13. The κ′ of non-hydrogen atoms were fixed to the XD2006 programm
default values. A summary of all contraction parameters is provided in Table 2.11.
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2.6 Summary
We doubt that we (and, of course, the original authors of 2-1 and 2-2 who should be given
proper credit) did ‘engineer’ our crystals based on halogen bonds and N-H···Cl hydrogen bonds as
synthons. Rather, we used the lattice energy of these salts to promote necessarily close contacts be-
tween the chloride or chloridometallate anions and suitable peripheral atoms in the halopyridinium
cations. Potential contact sites in the pyridinium cations are the pi system, hydrogen atoms bonded
to carbon or nitrogen, and the halogen substituent; a chloride anion or a tetrachloridometallate
will obviously prefer the latter two options. Both halogen and hydrogen bonds are directional,
and their geometries in 2-1 – 2-3 are essentially linear. Our pyridinium salts are well-suited for
experimental charge density studies with a focus on these close contacts. The Laplacian of the
electron density and the electrostatic potential allow to unambiguously assign the role of electron
donors and acceptors within the halogen bonds. In the present case, they match chemical intuition,
with anionic chlorides as electron donors and substituents of the pyridinium cations as acceptors.
Not all properties derived from the experimental electron density are equally informative for the
analysis of secondary interactions in our systems: kinetic energy densities proved rather uniform,
whereas details of the bond path revealed features beyond the standard paradigm ‘short is mean-
ingful’. In contrast to a geometry-based structure analysis or a data base search, a charge density
study may pick up the subtle differences between apparently similar short contacts.
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Chapter 3
High Resolution Diffraction
Experiments of Hydrogen Bonds
in Biologically Active Molecules
*The experimental charge density study of compound 3-1 has been published in Acta Crystallogr.
Sect. B 2016. 72, 142-150. The paper was obtained as collaboration work. I would like to thank
all cooperation partners for their work. Thanks Jamshid Ashurov and Aziz Ibragimov for the
synthesis of compounds 3-2 and 3-3.
3.1 Introduction
In this chapter, experimental electron density analysis on the biologically or potentially biologically
active molecules with interesting hydrogen bonds will be presented.
As a unique phenomenon in structural chemistry and biology, hydrogen bonds play a significant role
in molecular association.6 Benzoxazols represent a class of heterocyclic compounds with industrial
relevance. Their optical applications comprise photoluminescent compounds, whitening agents and
laser dyes.114,115 Benzoxazolone derivatives show biological activity in many fields. Early reports
concerning their analgesic effect date back to the 1940s.116 More recent reports from the realm of
life sciences address their antimicrobial15, antifungal17,18 and herbicidal117 properties. Over the
last decades, many benzoxazolone derivatives in general have been tested as potentially useful active
pharmaceutical ingredients. More specifically, the pharmacological properties of 2-benzoxazolones,
those derivatives with a keto function in 2 position of the heterocyclic five-membered ring, have
been reviewed by Sam & Valentine.118 Apart from benzoxazolone derivatives, salicylic acid and its
own derivatives have been applied as one of the anti-inflammatory active reagents for a long time
and have also been investigated from a structural point of view.119 Furthermore, 5-sulfosalicylic
acid has been found to possess interesting biological activity and its metal complexes with Mn(II),
Fe(II), Co(II), Ni(II), Cu(II),Zn(II) exhibited antimicrobial activity stronger than that of the free
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ligand.16 And as a corrosion inhibitor in metal-cutting uids, adhesives, antistatic agents, phar-
maceutical intermediate, an ointment emulsier and antimicrobial compounds, ethanolamines are
widely used in industry and technology.120 However, there are no related reports about the bio-
logically active application of the ethanolamines complexes.
We here focus on experimental charge density study of three compounds with interesting hydro-
gen bonds, they are one benzoxazolone: (2-oxo-1,3-benzoxazol-3(2H)-yl)acetic acid, 3-1, shows
antifungal activity towards common molds (unpublished results and will not be given here), hex-
aaquanickel(II) 3-carboxy-4-hydroxy-benzenesulfonate dihydrate, 3-2, and bis(2,2′-iminodiethanol)-
copper(II) 4-nitrobenzoate, 3-3, respectively. Composition of three compounds with interesting
hydrogen bonds investigated by high resolution X-ray diffraction is listed in Fig 3.1.
The analogous single crystal structures of compound 3-2: five hexaaquatransition metal complexes
(Mn121, Co122, Ni123, Cu124 and Zn125,126) coordinating with 3-carboxy-4-hydroxy-benzenesulfon-
ates, have been determined by standard X-ray diffraction. Whereas for hexaaquatransition metal
complexes, there is no high accurately structural analysis except two neutron diffraction experi-
ments by Albert Cotton127 and Falvello128 respectively.
In this contribution, we will communicate not only a conventional IAM but also atom-centered MM
and their own special topological properties. Ideally, the experimental electron density derived can
provide better understanding of chemical reactivity and biological activity.
Figure 3.1: The scheme of three biologically active compounds (3-1, 3-2 and 3-3) with interesting
hydrogen bonds studied by experimental charge density.
3.2 Crystal Structure Analysis in IAM
3.2.1 Independent Atom Model (IAM) of 3-1
Fig 3.2 shows a displacement ellipsoid plot of a molecule of 3-1 in the crystal. It consists of an
essentially rigid benzoxazolon system. Both the benzene ring (C1 - C6) and the five-membered
heterocycle (C1, O1, C7, N1, C6) are planar within the error and almost coplanar, subtend-
ing a dihedral angle of 0.36(3)◦. Both substituents are slightly displaced from the least-squares
plane through the heterocycle, with distances of 0.0122(5) A˚ for the carbonyl oxygen atom O2
and 0.0396(6) A˚ for C8 associated with the acetyl group. Two torsional degrees of freedom are
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required to describe the overall non-planar molecule: the heterocycle and the acetyl group are
almost perpendicular, with an angle C6-N1-C8-C9 of -91.82(6)◦, and the conformation within the
acetyl moiety can be described by N1-C8-C9-O3 with -10.57(8)◦. Crystal data and refinement
results are listed in Table 3.1.
Figure 3.2: Displacement ellipsoid plot (80 % probability) of 3-1.
Packing of 3-1 in the crystal is dominated by two kinds of interaction.
a) Moderately strong classical O-H···O hydrogen bonds between the carboxylic acid and the keto
function of a neighbouring molecule with donor···acceptor distance of 2.6177(9) A˚ link the molecules
to chains in [0 1 0] direction. A section of the resulting chain is shown in Fig 3.3 (drawn using
Platon129). This pattern can be described by the graph set symbol C11(7);
130
b) Dipole - dipole interactions play an important role. Fig 3.4 shows that the almost planar
molecules in the crystal of 3-1 stack about crystallographic inversion centers; thus, the negatively
charged heterocycle of one molecule is situated next to the positively charged carbocyclic ring
of its neighbour. The shortest interatomic distance between such a pair of molecules amounts
to 3.3515(6) A˚. Repetition of this stacking pattern results in columns of coplanar molecules in
favourable dipole-dipole orientation. Neighbouring stacks arrange in a herringbone-type fashion.
Fig 3.5 compares the packing in 3-1 in [1 1 0] direction (left) and a sketch highlighting stabilizing
dipole interactions (right).
Molecules of 3-1 (Fig 3.2) show two relevant intramolecular degrees of freedom, namely the relative
orientation of the substituent at N with respect to the benzoxazolone plane and the conformation
within the carboxylic acid moiety. These parameters can be associated with the torsion angles C6-
N1-C8-C9, θ1 and N1-C8-C9-O3, θ2. Two strategies allow to test the non-hydrogen scaffold of 3-1
with respect to its conformational flexibility: a) After deprotonation, molecules of 3-1 represent
potential carboxylato ligands for metal complexes; we will shortly compare the geometry of the
benzoxazolone fragment in its coordinated and uncoordinated state; b) Theoretical calculations on
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Figure 3.3: Intermolecular hydrogen bonds of 3-1. Symmetry operators: i = 1/2-x, -1/2+y, 3/2-z
and ii = 1/2-x, 1/2+y, 3/2-z.
Figure 3.4: Intermolecular stacking interaction of 3-1. Symmetry operator: iii = -x, 1-y, 1-z.
Figure 3.5: Packing in crystals of 3-1 in [1 1 0] direction (left); sketch of dipole-dipole interactions
in the same orientation (right).
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Figure 3.6: Newmann projection of 3-1 along the C8-C9 bond for the crystal structure and the
theoretical structure of conformers 1 and 3 as obtained at the B3LYP/6-311++g(d,p) level. The
orientation of the carboxylic group is shown with respect to the planar ringframe oriented at the
top.
a single molecule reflect the gas phase geometry and allow to identify alternative conformers of
competitive energy. We present our results of both considerations in Table 3.2.
a) Three isomorphous complexes with composition [ML2(H2O)4] [M = Co(II), Cu(II) and Zn(II)]
have been reported.131,132 The benzoxazolone derivative acts as carboxylato ligand coordinated
through a single oxygen atom; thus no steric strain due to the chelation arises. In all three coordi-
nation compounds, the benzoxazolone conformation differs significantly from that of the uncoordi-
nated molecule with respect to the torsion angle θ1: 3-1 adopts an almost orthogonal arrangement
between the benzoxazolone plane and its N bonded substituent, whereas angles C6-N1-C8-C9 in
the range between -63.0(5) and -68.8(4)◦ are found in the metal complexes (Table 3.2). The sec-
ond torsion angle θ2 assumes small negative values both for the coordinated and uncoordinated
benzoxazolone moiety. Closer inspection reveals almost the same geometry for this fragment in
the more regular pseudo-octahedral Co(II) and Zn(II) complexes and only minor discrepancies in
its Jahn-Teller distorted Cu(II) compound.
b) A scan of the potential energy surface (PES) with respect to the same torsional degrees of
freedom as above was conducted and afforded the conformational space summarized in Fig 3.7.
Force field calculations133 gave similar results Fig 3.8.
The alternative local energy minima have been sorted according to increasing energy and are de-
noted as Conf. 1 - Conf. 5 in Tables 3.2 and 3.3. Their relative energies and the components for
their dipole moments have been summarized in Table 3.3.
Fig 3.7 shows that the energetically most favourable conformer closely matches the molecular
structure model derived from the diffraction experiment. All local energy minima located via the
systematic scan show a roughly perpendicular arrangement between the benzoxazolone plane and
its substituent and, with the exception of Conf. 3, a small absolute value for the N1-C8-C9-O3
(θ2) torsion or its complementary angle. The close match between the molecular conformations
in the crystal and in the lowest energy minimum (Conf. 1) is visible in the cross section of the
Potential Energy Scan in the Newman projections compiled in Fig 3.6. Fig 3.6 also underlines the
different conformation of the molecule in the local energy minimum Conf. 3.
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Figure 3.7: Potential energy surface of 3-1 calculated at the B3LYP/6-311++G(d,p) level by
independently rotating around the dihedral angles θ1 and θ2 in steps of 10
◦. The position of the
lowest energy conformer corresponding to the crystal structure is marked by an asterisk.
In summary, uncoordinated 3-1, its potentially competitive alternative conformers and its coordi-
nated derivatives show only minor flexibility with respect to the orientation of the substituent at
N; torsion about C6-N1-C8-C9 (θ1) is energetically less affordable than that about N1-C8-C9-O3
(θ2). Fig 3.7 reflects a higher barrier for the first degree of freedom, with very unfavourable con-
formations for (θ1) ≈ 0 or 180 ◦; in contrast, it shows a sequence of low-energy alternatives with
respect to the second torsion angle θ2.
Theoretical calculations of 3-1
In a first step starting structures of several conformers were generated by rotating around the
CC sp3 hybridized bonds of (2-oxo-1,3-benzoxazol-3(2H)-yl)acetic acid into positions where the
steric hindrance seemed to be small. These starting geometries were optimized at the B3LYP/6-
311++G(d,p) level of theory134,134 and harmonic frequency calculations were carried out to verify
the nature of the stationary points. Additionally, the Cartesian coordinates of the crystallographic
structures were used as input and optimized at the B3LYP/6-311++G(d,p) level. The GAUSSIAN
program package135,136 was used for all calculations.
38
High Resolution Diffraction Experiments of Hydrogen Bonds in Biologically Active Molecules
Figure 3.8: Potential energy surface for 3-1 based on force field calculations. Energy range from
-49.9 to +14.20 kJ / mol; colour code magenta (lowest energy), blue, greeen, orange, red (highest
energy).
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Table 3.1: Crystal data and refinement results of 3-1 – 3-3.
Structure 3-1 3-2a 3-3b
Empirical formula C9H7NO4 C14H26NiO20S2 C22H30CuN4O12
Molecular weight 193.16 637.18 606.04
Z 8 1 1
cryst. system monoclinic triclinic triclinic
space group C2/c P 1¯ P 1¯
a (A˚) 12.7600(2) 6.5842(2) 6.8970(2)
b (A˚) 8.09530(10) 7.3972(3) 7.1630(2)
c (A˚) 16.6668(2) 13.2795(2) 13.0971(3)
α(◦) 74.1990(10) 102.9880(10)
β (◦) 104.6104(5) 88.6130(10) 100.3800(10)
γ(◦) 77.9120(10) 102.0120(10)
V(A˚3) 1658.53(4) 608.157(16) 598.942(19)
Total/unique reflections 58565/9898 43317/15033 52630/14775
Rint (all data) 0.0432 0.0458 0.0455
(sinθ/λ)max (A˚
−1) 1.09 1.15 1.15
cryst. size (mm) 0.23× 0.21× 0.17 0.25× 0.22× 0.17 0.25× 0.23× 0.18
µ (mm−1) 0.124 1.062 0.988
Absorption Correction Detailsc
Tmin (multi-scan) 0.972 0.777 0.790
Tmax (multi-scan) 0.979 0.840 0.842
Tmin (absorption) 0.689 0.575 0.630
Tmax (absorption) 0.750 0.751 0.751
Independent Atom Model
R[F 2 > 2σ(F 2)] 0.051 0.0415 0.0402
wR2 0.1319 0.1049 0.0982
GOF 1.057 1.059 1.063
No. of parameters 130 195 186
∆ρmax/∆ρmin(eA˚
−3) 0.800/-0.255 1.485/-2.126 1.446/-1.336
Multipole Model
R[F 2 > 2σ(F 2)] 0.043 0.037 0.032
wR2 0.0913 0.0830 0.0722
GOF 1.171 1.067 1.083
No. of parameters 539 690 346
∆ρmax/∆ρmin(eA˚
−3) 0.234/-0.181 0.508/-0.474 0.280/-0.226
a: the MM refinement results are based on Model VIII;b: the MM refinement results are from strategy (a).
cTmin (multi-scan) and Tmax (multi-scan) are the minimum and maximum correction factors applied by the scaling
program; Tmin (absorption) and Tmax (absorption) are the minimum and maximum transmission estimated from
crystal dimensions and linear absorption coefficient.
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Table 3.2: Intramolecular degrees of freedom in 3-1, its coordination compounds and its alternative
conformers.
Structure C6-N1-C8-C9(θ1) C7-N1-C8-C9 N1-C8-C9-O3(θ2) N1-C8-C9-O4
3-1 -91.82(6) 85.26(6) -10.57(8) 170.81(4)
Co(II) complex -63.0(5) 120.08(4) -7.7(5) 170.7(3)
Cu(II) complex -68.8(4) 121.6(4) -4.6(5) 173.9(4)
Zn(II) complex -63.2(7) 118.8(5) -7.5(7) 171.2(4)
Conf.1 -77.40 99.72 -3.73 176.44
Conf.2 -75.12 101.51 162.10 -20.27
Conf.3 -112.42 73.87 125.25 -56.76
Conf.4 -80.30 117.79 159.02 -22.69
Conf.5 -75.12 104.71 2.72 -178.71
Table 3.3: Theoretical results of the conformers of 3-1 as calculated at the B3LYP/6-311++G(d,p)
level of theory.
Conf. ∆Ea ∆EbZPE |µa|c |µb|c |µc|c µtotal
[kJ/mol] [kJ/mol] [Debye] [Debye] [Debye] [Debye]
1 0.00 0.00 0.192 4.072 2.234 4.649
2 2.00 2.47 1.974 3.278 0.192 3.831
3 8.72 10.63 5.135 0.907 2.437 5.756
4 18.32 18.16 4.573 1.251 0.846 4.816
5 26.74 25.54 0.556 2.303 4.555 5.135
a Sum of electronic energies in kJ / mol with respect to conformer 3-1; b Sum of electronic and zero-point energies
in kJ / mol with respect to conformer 3-1.
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3.2.2 Independent Atom Model (IAM) of 3-2
In the asymmetric unit (Fig 3.9) of 3-2, central metal Ni(II) is at the center of inversion, which
coordinates with six water molecules. Thus, only three coordinated water molecules are indepen-
dent. 3-carboxy-4-hydroxy-benzenesulfonate ion is to balance the charge of 3-2 and one isolated
water molecule occupies the residue empty space. From Fig 3.10, we can see that there are several
kinds of hydrogen bonds among hexaaquanickel(II) cation, 3-carboxy-4-hydroxy-benzenesulfonate
ion and isolated water molecule in terms of the origin of the donors and acceptors of hydrogen
bonds. Detail information of hydrogen bonds is listed in Table 3.4. It is worth to note that three
S-O bonds are slightly different: the bond distance of S-O4 is 1.4631(6), S-O5 is 1.4679(5) and
S-O6 is 1.4574(6) A˚. As the acceptors of hydrogen bonds, three O atoms of sulfonate group form
the hydrogen bonds with different donors: O6 only accepts the electrons from coordinated water
molecules, which is involved in the medium intensity hydrogen bonds: O1-H1WA· · ·O6 (2.8437(8)
A˚) and O3-H3WB· · ·O6 (2.8713(8) A˚). However, O4 and O5 form the hydrogen bonds together
with coordinated water molecules and isolated water molecule. In 3-2, all coordinated water
molecules are the donors of hydrogen bonds. In the section of ‘Multipole Model (MM) of 3-2’,
topological properties of the hydrogen bonds will be presented in detail based on the experimental
electron density study. Not only the hydrogen bonds dominate the packing of 3-2, but also the
dipole-dipole interactions play an important role. Fig 3.11 shows the neighbouring almost planar
part of 3-carboxy-4-hydroxy-benzenesulfonate stacking in favourable dipole-dipole orientation.
Figure 3.9: Displacement ellipsoid plot (80 % probability) of 3-2.
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Figure 3.10: Intermolecular hydrogen bonds interaction of 3-2. OWc: O atoms of coordinated
water molecules; OWi: O atoms of isolated water molecules; OSO3: O atoms of sulfonate group;
OCOO: O atoms of carboxyl group; OOH : O atoms of hydroxyl group. The blue dash lines
are hydrogen bonds between coordinated water molecules and isolated water molecules; the dark
purples are hydrogen bonds between coordinated water molecules and sulfonate group; the brick
reds are hydrogen bonds between coordinated water molecules and carboxyl group; the dark blue
are hydrogen bonds between isolated water molecules and carboxyl group; the dark green are
hydrogen bonds between isolated water molecules and sulfonate group; the black are hydrogen
bonds between hydroxyl group and carboxyl group.
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Table 3.4: The classical hydrogen bonds (A˚, ◦) of 3-2 and 3-3.
Comp. D-H· · ·A D-H H· · ·A D· · ·A 6 D-H· · ·A Symmetry-for-A
3-2 O1-H1WA· · ·O6 0.83(2) 2.02(2) 2.8437(8) 177(2) -x, 2-y, 1-z
O1-H1WB· · ·O5 0.88(2) 1.90(2) 2.7733(8) 176(2) 1-x, 2-y, 1-z
O2-H2WA· · ·O4 0.87(2) 1.94(2) 2.7842(9) 164.5(2)
O2-H2WB· · ·O8 0.840(3) 1.91(2) 2.7379(8) 169(2) 1-x, 1-y, 2-z
O3-H3WA· · ·O10 0.843(3) 1.981(3) 2.8147(8) 171(2)
O3-H3WB· · ·O6 0.78(2) 2.10(2) 2.8713(8) 173(2) x, -1+y, z
O7-H7O· · ·O8 0.84 1.85 2.5848(10) 145(3)
O9-H9O· · ·O10 0.84 1.84 2.6586(8) 166(2) x, 1+y, 1+z
O10-H10A· · ·O4 0.89(2) 1.93(2) 2.8001(9) 166(2) -x, 1-y, 1-z
O10-H10B· · ·O5 0.79(2) 1.95(2) 2.7337(9) 177.8(2) 1-x, 1-y, 1-z
3-3 O1-H1O· · ·O3 0.79(3) 1.83(3) 2.6125(8) 170(3)
O2-H2O· · ·O4 0.84(2) 1.80(2) 2.6363(8) 176(2) 2-x, 2-y, 1-z
Figure 3.11: Electrostatic interactions in the packing of 3-2, the view direction is along b axis.
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3.2.3 Independent Atom Model (IAM) of 3-3
In the asymmetric unit (Fig 3.12) of 3-3, the cation Cu(II) is also at the inversion center, which
coordinated with diethanolamine and the ion is 4-nitrobenzoate. The bond distances of Cu and
coordinated atoms show obvious Jahn-Teller distortion (Cu1-N1 = 1.9959(5), Cu1-O1 = 2.2978(7)
and Cu1-O2 = 2.0748(6) A˚). The two hydroxyl groups of coordinated diethanolamine are involved
in two short interhydrogen bonds (Fig 3.13, O1-H1O· · ·O3 = 2.6125(8) and O2-H2O· · ·O4ii =
2.6363(8) A˚, ii = 2-x, 2-y, 1-z). The topological properties of the hydrogen bonds and d -orbital
electrons distribution analysis results will be discussed in the section of ‘Multipole Model (MM)
of 3-3’ based on the experimental electron density study. Both hydrogen bonds and dipole-dipole
interactions play a significant role in packing pattern of molecules in solid state. Fig 3.14 shows
the nitro-group is almost coplanar with the six-member ring, but the orientation of carboxylato
group significantly distorted to the six-member ring. The stacking pattern of neighbouring 4-
nitrobenzoate follows the favourable dipole-dipole orientation.
Figure 3.12: Displacement ellipsoid plot (80 % probability) of 3-3.
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Figure 3.13: Intermolecular hydrogen bonds interaction of 3-3. Symmetry operators: i = 1-x, 2-y,
1-z and ii = 2-x, 2-y, 1-z.
Figure 3.14: Electrostatic interactions in the packing of 3-3, the view direction is along a axis.
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3.3 Crystal Structure Analysis in MM
3.3.1 Multipole Model (MM) of 3-1
Refinement of the atom-centered multipole model resulted in an experimental electron density for
3-1. This electron density provides information about intra- and inter-molecular interactions. In
order to pinpoint the effects of the latter, we undertook a comparison with the electron density of
an isolated molecule in the gas phase. For this purpose, the molecular structure was optimized at
the B3LYP/6-311++g(d,p) level of theory starting from the IAM geometry. For the wavefunction
and electron density thus obtained, structure factors were generated by Fourier transformation66
with the program Tonto67. Both electron densities, the one based on the high resolution diffrac-
tion experiment and the alternative derived from theoretical structure factors projected onto the
MM137,138, were analyzed in terms of Bader’s QTAIM43 with the program XD200658; CR data
bank has been used.59,60 Refinement was conducted with all intensity data for 3-1. Good qualita-
tive agreement between the Laplacian functions of the electron densities derived from experimental
and theoretical structure factors is expected and encountered as shown in Fig 3.15.
Figure 3.15: Laplacian of the electron density in the plane through C6, C1 and N1 of 3-1 based
on experimental (left) and theoretical (right) structure factors. Positive values are in blue and
negative values in red; contours are at ± 2n × 103 e·A˚−5 (0 ≤ n ≤ 20).
Table 3.5 and 3.6 compile numerical results for experiment (1st row) and theory (2nd row, italics);
they allow to compare interatomic distances, bond path and position of the bcp as well as the
electron density and the Laplacian in the bcp for all relevant interatomic contacts.
The experimentally observed structure in the crystal and the calculated gas phase geometry match
with respect to bond distances. Differences in the carboxylic acid moiety will be discussed below.
In the carboxylic acid group, the electron density in the bcp of C9-O3 amounts to 3.131(3) and for
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Table 3.5: Topological properties of the experimental (1st row) and theoretical (2nd row, italics)
electron density of 3-1. d1(d2) (A˚) is the distance from the first (second) atom to the (3,-1)
critical point, Rij = d1 + d2, ρ (e·A˚−3) is the electron density, 52ρ (e·A˚−5) is the Laplacian of
the electron density.
Bond Bond dist.(A˚) Rij (A˚) d1 (A˚) d2 (A˚) ρ (e·A˚−3) 52ρ (e·A˚−5)
N1 -C6 1.3981(5) 1.3986 0.7763 0.6224 2.252(2) -21.610(10)
1.3934 1.3945 0.8193 0.5752 1.812(5) -10.588(20)
N1 -C7 1.3660(6) 1.3599 0.7949 0.5650 2.366(2) -26.913(12)
1.3907 1.3910 0.7789 0.6122 1.978(4) -14.266(16)
N1 -C8 1.4409(5) 1.4418 0.8407 0.6011 1.891(2) -16.273(10)
1.4367 1.4368 0.8434 0.5934 1.630(4) -7.570(17)
C1 -C2 1.3781(6) 1.3794 0.6137 0.7657 2.369(2) -25.281(9)
1.3859 1.3869 0.7249 0.6619 1.922(4) -13.365(12)
C1 -C6 1.3903(5) 1.3909 0.7185 0.6724 2.234(2) -21.994(7)
1.3975 1.3975 0.7022 0.6953 1.979(4) -15.224(12)
C2 -C3 1.4006(6) 1.4017 0.6457 0.7560 2.214(2) -21.586(8)
1.4049 1.4049 0.7088 0.6961 1.843(4) -11.335(11)
C2 -H2C 1.05(2) 1.0526 0.7341 0.3185 1.754(3) -16.126(9)
1.0850 1.0850 0.7099 0.3751 1.704(4) -12.141(12)
C3 -C4 1.3981(7) 1.3984 0.7146 0.6838 2.267(2) -23.761(8)
1.4048 1.4048 0.7083 0.6965 1.862(4) -11.941(11)
C3 -H3C 1.03(3) 1.0334 0.6876 0.3457 1.934(4) -20.724(11)
1.0859 1.0859 0.7021 0.3838 1.696(4) -11.455(12)
C4 -C5 1.4019(7) 1.4019 0.7114 0.6905 2.260(2) -21.979(7)
1.4042 1.4042 0.7069 0.6973 1.837(4) -10.906(11)
C4 -H4C 1.05(3) 1.0560 0.7147 0.3413 1.950(4) -21.927(10)
1.0860 1.0860 0.7013 0.3848 1.690(4) -11.121(12)
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Table 3.6: Topological properties of the experimental (1st row) and theoretical (2nd row, italics)
electron density of 3-1. d1(d2) (A˚) is the distance from the first (second) atom to the (3,-1)
critical point, Rij = d1 + d2, ρ (e·A˚−3) is the electron density, 52ρ (e·A˚−5) is the Laplacian of
the electron density.
Bond Bond dist.(A˚) Rij (A˚) d1 (A˚) d2 (A˚) ρ (e·A˚−3) 52ρ (e·A˚−5)
C5 -C6 1.3840(6) 1.3845 0.7165 0.6680 2.193(2) -19.667(7)
1.3922 1.3929 0.6707 0.7223 1.876(4) -11.826(12)
C5 -H5C 1.07(2) 1.0701 0.7811 0.2890 1.694(3) -17.810(8)
1.0862 1.0862 0.7026 0.3836 1.694(4) -11.596(12)
C8 -C9 1.5158(6) 1.5158 0.6994 0.8164 1.947(2) -18.588(6)
1.5234 1.5234 0.7235 0.8000 1.598(3) -10.350(10)
C8 -H8A 1.08(2) 1.0768 0.8248 0.2521 1.723(3) -20.850(7)
1.0939 1.0939 0.7171 0.3768 1.669(4) -10.570(12)
C8 -H8B 1.06(3) 1.0573 0.7356 0.3217 1.833(3) -19.335(9)
1.0934 1.0935 0.7092 0.3843 1.657(4) -10.091(12)
O1 -C1 1.3845(6) 1.3848 0.8445 0.5402 2.167(2) -20.260(12)
1.3748 1.3751 0.8471 0.5280 1.760(5) -9.883(20)
O1 -C7 1.3660(6) 1.3684 0.8590 0.5094 2.239(2) -25.00(12)
1.3859 1.3877 0.8395 0.5481 1.777(5) -11.873(19)
O2 -C7 1.2156(6) 1.2158 0.7859 0.4299 3.294(3) -43.943(20)
1.2035 1.2035 0.7871 0.4164 2.587(5) -3.069(30)
O3 -C9 1.2091(9) 1.2096 0.8006 0.4090 3.131(3) -22.085(21)
1.2062 1.2063 0.7894 0.4169 2.737(7) -12.547(29)
O4 -C9 1.3251(6) 1.3259 0.8451 0.4808 2.483(2) -33.318(14)
1.3516 1.3518 0.8599 0.4919 1.856(4) -12.379(21)
O4 -H4O 1.0110(6) 1.0111 0.8395 0.1716 1.874(2) -37.046(74)
0.9690 0.9695 0.7448 0.2246 2.159(5) -17.477(17)
H4O· · ·O2ii 1.6259(5) 1.6310 0.5060 1.1250 0.285(11) 4.452(1)
Symmetry operator: ii: 1/2-x, 1/2+y, 3/2-z.
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C9-O4 to 2.483(2) e·A˚−3, consistent with earlier reports concerning carboxylic acids.139,140 The
topological analysis of the electron density derived from theoretical structure factors consistently
gives lower values for ρ at bcp than those from experiment. Chemical intuition expects that all
intramolecular interactions will be essentially covalent; the electrostatic potential derived from
experimental diffraction data indicates a higher degree of charge separation in the solid than in
the gas phase. This observation matches the antiparallel orientation of the dipole moments for
coplanar molecules arranged in a face-to-face manner in alternating stacks.
The Laplacian functions of the experimentally established (Fig 3.15, left) and theoretically calcu-
lated (Fig 3.15, right) electron density differ in several features. The obvious discrepancy between
the upper left of the Laplacians arises because slightly different conformations in solid and gas
phase. Values for the Laplacian derived from theory are less negative than those from experiment,
thus leading to a more constricted shape in the covalent bonds in the right part of Fig 3.15; this
is particularly obvious for bonds between C and electronegative atoms, e.g. C1-O1 and C7-O1.
Finally, the H4O···O2 acceptor part of the hydrogen bond is obviously not accompanied by any
results from theory. The electron density in its bcp is one order of magnitude smaller than for
covalent bonds.
Not only the classical hydrogen bond but also the stacking interactions due to antiparallel dipole
moments (Fig 3.4 and Fig 3.5) lead to slight differences between experimental and theoretical
Laplacian. The hydrogen bond O4-H4O···O2ii (ii = 1/2-x, 1/2+y, 3/2-z) discussed above rep-
resents the most relevant intermolecular interaction and also the source of the most significant
discrepancies between the structures and the electron densities derived from experiment and the-
ory. In an isolated molecule (gas phase structure), H4O is a terminal atom; the distance O4-H4O is
short, C9-O4 is a single and C9-O3 a double bond. In contrast, the hydrogen bond in the extended
solid results in significant electron density in the acceptor interaction H4O···O2ii; the short part of
the hydrogen bond O4-H4O is longer and the electron density in its bcp lower than theory predicts.
In agreement with the reduced bond order O4-H4O in the crystal, C9-O4 is shorter than in the
isolated molecule. The short contact O4-H4O· · ·O2ii is also reflected in the Laplacian: Fig 3.16
illustrates this interaction. In its left part, it shows the Laplacian of two molecules participating
in the short intermolecular hydrogen bond.
Fig 3.17 shows the electrostatic potential based on experimental structure (left) and theoretical
structure (right). The potentials differ at first sight in magnitude, subtending a wider range in
the crystalline solid than in the gas phase structure. Due to the positive charges on the hydrogen
atoms and their contraction parameters are highly correlated and different refinement strategies
with respect to contraction parameters gave very different values for the dipole moment, we cannot
give a reliable numerical value for the dipole moment in 3-1. However, all dipole moments from
experiment model were larger than that derived from theory. This discrepancy can at least partly
be explained by intermolecular hydrogen bonds.
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Figure 3.16: The Laplacian of the electron density in the region of the intermolecular hydrogen
bond of 3-1 derived from experimental (left) and theoretical (right) structure factors. Positive
values are in blue and negative values in red; contours are at ± 2n × 103 e·A˚−5 (0 ≤ n ≤ 20).
Figure 3.17: Electrostatic potential of 3-1 based on the experimental (left) and theoretical (right)
electron density; the neighbouring molecule can be obtained by applying the symmetry operation
1/2 - x, 1/2 + y, 1/2 - z. The value of iso-surface is 0.6 e·A˚−3.
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Summary of 3-1
As explained above, the numerical values of charges and dipole moment suffer from correlation
with contraction parameters and are associated with a high standard uncertainty. The electrostatic
potential derived from experimental diffraction data indicates a higher degree of charge separation
in the solid than in the gas phase. This observation matches the antiparallel orientation of the
dipole moments for coplanar molecules arranged in a face-to-face manner in alternating stacks.
The electronegative part of the molecule, the carboxylic acid moiety and the keto group which
are in the focus of the most relevant intermolecular interaction, carry a higher charge than in the
theoretically suggested gas phase Model; this might indicate higher acidity in the crystal than in
solution or gas phase. We have recently reported the localization of the bridging hydrogen atom
in the salt/cocrystal pair formed by a moderately strong base and a weak acid141. A similar pair
involving 3-1 instead of acetic acid might provide an experimental answer to the question of more
or less pronounced acidity. Very suitable candidates for further comparative work may become
available. One is the corresponding sulfur analogue, (2-oxo-1,3-benzothiazol-3(2H)-yl)acetic acid:
it will be interesting to study the effect of a less electronegative atom close to the keto group
which accepts the hydrogen bond. A second option is the metal complexes already structurally
characterized at standard resolution; we are aware of the fact that suitability106 for these first row
transition metal derivatives will be less favourable. We presently attempt to grow high quality
crystals of these compounds.
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3.3.2 Multipole Model (MM) of 3-2
The MM refinement strategies of compound 3-2 from experimental charge density are discussed
in detail following nine different multipole models.
Based on the former study results on the multipolar description of sulfur compounds, the suitable
model of description the topological properties of S atom somehow is unclear.23–31 The main prob-
lems are the scattering factors and the parameters of single slater functions in radial functions of
the S atom. By modifying the single-ζ values for S atom’s radial functions and nl set, accompanied
with refinement of expansion and contraction parameters of valence electrons κ and of deformation
density κ′ 23,29 can be well understood to analyze the topological properties of S atom in SO3
and SO4 groups with the help of theoretical calculation in several studies.
30,31 In the discussion
of compound 3-2, nine models (Model I – IX) will be given in order to get clues in figuring out
the most suitable model of SO3 group; furthermore, the topological properties of diverse hydrogen
bonds of 3-2 could be clarified based on the most suitable model.
The refinement of MM of compound 3-2 followed Hansen-Coppens formalism44 by XD2006 pro-
gram;44 the CR data bank was used.59,60 Refinement was conducted with all intensity data for
3-2. In the radial functions [equation (1.2) in page 3], the default value of ζ for S in XD program
is 7.278 A˚−1. In our nine refinement models, 7.27829,31 (Model I – III, Model V – VII and
Model IX) and 3.85130 (Model IV and VIII) for ζ have been used independently. For nl setting,
(4,4,4,4,4)29–31 (Model I – IV) and (6,6,6,7,7)29,30,142 (Model V – IX) have been applied during
multipole refinements.
Model I and II
In order to point out the significant influence of κ and κ′ to the topological properties of S-O bonds
in sulfonate group, the default values of coefficients nl in radial functions for S (4,4,4,4,4)
106 and
ζ = 7.278 A˚−1 (free atom default value)59 in CR data bank have been firstly attempted to get
Model I and II.
The difference of refinement strategy between Model I and II is the issue of κ′ for sulfur. The
selective parameters of refinement results of these two models were listed in Table 3.7, where the κ
and κ′ with free refinement are written in bold format. For Model I, κ and κ′ of all non-hydrogen
atoms (Ni, S, O and C) were freely refined. While in Model II, κ′ of S was fixed to 0.86143 and
κ and κ′ for Ni, O and C and κ for S were freely refined. Same constrain parameters for H have
been taken in all nine multipole models for 3-2: κ for H are fixed to 1.2, κ′ for H from O atoms
are fixed to 1.5 and for H from C atoms are fixed to 1.18.144
Interestingly, the value of κ′ for sulfur atom did not influence the standard crystallographic pa-
rameters for evaluating the MM model at all, such as R[F 2 > 2σ(F 2)], wR2 and GOF . However,
it directly leads to small changes of κ value of sulfur and κ and κ′ of other non-hydrogen atoms.
Unexpectedly, the obviously different topological properties happen to three S-O bonds from these
two models.
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Table 3.7: Selected parameters of multipole refinement results of the Model I and II for 3-2.
Parameters Model I Model II
R[F2>2σ(F2)] 0.036 0.036
wR2 0.082 0.082
GOF 1.055 1.055
κNi 1.068 1.069
κ′Ni 1.457 1.467
κS 0.963 0.953
κ′S 1.023 0.86
143
κOWc 0.985 0.987
κ′OWc 1.465 1.472
κOSO3 0.979 0.983
κ′OSO3 1.211 1.159
κOCOO/OH 0.978 0.978
κ′OCOO/OH 1.265 1.271
κOWi 0.975 0.976
κ′OWi 1.274 1.293
κHO 1.2 1.2
κ′HO 1.5 1.5
κHC 1.2 1.2
κ′HC 1.18 1.18
∆ρmax/∆ρmin 0.559/-0.461 0.555/-0.468
In Table 3.8, we can see that the bcp positions of three S-O bonds in Model I and Model II are
close to S atom, which is reasonable according to the study of Laplacian of charge density at a ra-
dial distance in atomic units.143,145 Due to the large charge transfer between S and O, the position
of bcp region shows interesting properties: as a sensitive indicator of topology characterization,
Laplacian of the charge density at bcp in S-O is in a rampant range and the values of Laplacian
of charge density change significantly even a small variation of the bcp position. And the detail
differences of the topological properties of S-O bonds can be obviously highlighted in Fig 3.18 –
3.20. For example, for S-O6, the distance between S and bcp is 0.6187 (A˚) in Model I and 0.5893
(A˚) in Model II, but ∇2ρ at bcp is -10.3(5) and 1.3(3) e·A˚−5 respectively. While compared to
the flexible topological properties of S-O bonds, there is no obvious discrpency of other traditional
covalent bonds: C-C, C=O and C-S (the right column of Table 3.8) and hydrogen bonds (Table 3.9
and 3.10) with respect to the bcp position, electron density at the position of bcp and Laplacian
of electron density at bcp. The residual electron density ∆ρmax/∆ρmin of Model I [0.559/-0.461
(eA˚−3)] and of Model II [0.555/-0.468 (eA˚−3)] also do not change obviously.
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Table 3.8: Topological parameters of selected chemical bonds of 3-2 in Model I and II. d1(d2) (A˚)
is the distance from the first (second) atom to the (3,-1) critical point, ρ (e·A˚−3) is the electron
density, 52ρ (e·A˚−5) is the Laplacian of the electron density.
Bonds Para. Model I Model II Bonds Para. Model I Model II
S-O4 d1 0.6067 0.5854 C1-C6 d1 0.7131 0.7187
d2 0.8706 0.8836 d2 0.6711 0.6659
ρ 1.88(9) 1.90(5) ρ 2.15(8) 2.16(8)
∇2ρ 7.0(5) 15.2(3) ∇2ρ -20.5(3) -20.6(4)
S-O5 d1 0.6531 0.5843 C1-S d1 0.8206 0.7812
d2 0.8196 0.8869 d2 0.9454 0.9840
ρ 2.5(2) 2.37(5) ρ 1.40(6) 1.43(6)
∇2ρ -34.1(5) -14.0(3) ∇2ρ -7.375 -8.0(2)
S-O6 d1 0.6187 0.5893 C4-O7 d1 0.4712 0.4749
d2 0.8458 0.8725 d2 0.8688 0.8651
ρ 2.09(9) 2.07(5) ρ 2.1(2) 2.1(2)
∇2ρ -10.3(5) 1.3(3) ∇2ρ -23.9(7) -24.9(7)
Figure 3.18: Laplacian profiles along the S-O4 internuclear vector in the crystal for the Model I
(black lines) and Model II (red lines). The black and red dots mark the position of the bcp. The
x axes from left to right is S to O.
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Figure 3.19: Laplacian profiles along the S-O5 internuclear vector in the crystal for the Model I
(black lines) and Model II (red lines). The black and red dots mark the position of the bcp. The
x axes from left to right is S to O.
Figure 3.20: Laplacian profiles along the S-O6 internuclear vector in the crystal for the Model I
(black lines) and Model II (red lines). The black and red dots mark the position of the bcp. The
x axes from left to right is S to O.
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Table 3.9: Topological properties of hydrogen bonds of 3-2 in Model I and II. d1(d2) (A˚) is the
distance from the first (second) atom to the (3,-1) critical point, ρ (e·A˚−3) is the electron density,
52ρ (e·A˚−5) is the Laplacian of the electron density.
Bonds Prop. Model I Model II
O1-H1WA· · ·O6i d1 0.6663 0.6637
d2 1.2710 1.2709
ρ 0.11(2) 0.11(2)
∇2ρ 1.73(3) 1.70(3)
O1-H1WB· · ·O5ii d1 0.6262 0.6251
d2 1.1865 1.1859
ρ 0.21(2) 0.22(2)
∇2ρ 1.71(3) 1.59(3)
O2-H2WA· · ·O4 d1 0.6423 0.6445
d2 1.1969 1.1948
ρ 0.19(2) 0.19(2)
∇2ρ 2.13(3) 2.06(3)
O2-H2WB· · ·O8iii d1 0.6005 0.5995
d2 1.1452 1.1456
ρ 0.30(2) 0.30(2)
∇2ρ -0.42(4) -0.37(4)
O3-H3WA· · ·O10 d1 0.6200 0.6229
d2 1.2261 1.2267
ρ 0.17(2) 0.17(2)
∇2ρ 2.12(3) 2.06(3)
O3-H3WB· · ·O6iv d1 0.6193 0.6080
d2 1.2981 1.2968
ρ 0.13(2) 0.13(2)
∇2ρ 0.47(3) 0.40(3)
i = -x, 2-y, 1-z; ii = 1-x, 2-y, 1-z; iii = 1-x, 1-y, 2-z; iv = x, -1+y, z.
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Table 3.10: Topological properties of hydrogen bonds of 3-2 in Model I and II. d1(d2) (A˚) is the
distance from the first (second) atom to the (3,-1) critical point, ρ (e·A˚−3) is the electron density,
52ρ (e·A˚−5) is the Laplacian of the electron density.
Bonds Prop. Model I Model II
O7-H7O· · ·O8 d1 0.5804 0.5830
d2 1.1412 1.1382
ρ 0.29(2) 0.29(2)
∇2ρ 2.76(4) 2.76(4)
O9-H9O· · ·O10v d1 0.5813 0.5818
d2 1.0907 1.0905
ρ 0.37(2) 0.36(2)
∇2ρ 1.39(4) 1.45(4)
O10-H10A· · ·O4vi d1 0.6248 0.6430
d2 1.2478 1.2294
ρ 0.15(2) 0.16(2)
∇2ρ 1.60(3) 1.90(3)
O10-H10B· · ·O5vii d1 0.5513 0.5560
d2 1.2004 1.1954
ρ 0.19(3) 0.19(3)
∇2ρ 1.56(5) 1.44(5)
v = x, 1+y, 1+z; vi = -x, 1-y, 1-z; vii = 1-x, 1-y, 1-z.
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Based on the topological properties analyses of Model I and II, the bcp position of S-O bonds
are so sensitive that the refinement strategies, especially expansion and contraction parameters of
valence electrons κ, the deformation electron density (compared to the spherical electron model)
parameter κ′, multipole coefficients nl and single value ζ of S atom should be carefully treated.
Followed this idea, additional different seven models will be discussed later.
Model III – IX
In the below contribution, the comparison of selected parameters of refinement results combined
Model I, II and new seven models are listed in Table 3.11 and 3.12. Generally, (4,4,4,4,4) has been
chosen for all atoms as the nl input values for four models in Table 3.11. In Table 3.12, Model
V – IX have chosen (6,6,6,7,7) for S atom and (4,4,4,4,4) for other atoms as the nl input values.
Except the ζ of Model IV and VIII are 3.851 A˚−1, ζ of other seven models are 7.278 A˚−1. The
bold format means that the parameters were freely refined. The κ of all non-hydrogen atoms were
freely refined for nine tested models. In Table 3.11, κ′ of S were fixed to 0.86 in Model II and
to 1.1 in Models III and IV. For Model VII and VIII of Table 3.12, κ′ of S were fixed to same
values as Model III and IV. 0.86 is as the fixed value of κ′ of S atom in Model VI. Due to the
similarity of the chemical environment surrounding three S-O bonds, three O atoms were treated
as sharing the same set of multipole populations (CHEMCON) in Model IX based on refinement
results of Model V.
Table 3.11: Selected parameters of multipole refinement results of Model I - Model IV, parameters
in bold face have been freely refined.
Parameters Model I Model II Model III Model IV
nl (4,4,4,4,4) (4,4,4,4,4) (4,4,4,4,4) (4,4,4,4,4)
ζ(A˚−1) 7.278 7.278 7.278 3.851
R[F2>2σ(F2)] 0.036 0.036 0.036 0.036
wR2 0.082 0.082 0.082 0.082
GOF 1.055 1.055 1.055 1.055
κS 1.457 1.467 0.966 0.966
κ′S 1.023 0.86
143 1.1 1.1
κOSO3 0.979 0.983 0.978 0.978
κ′OSO3 1.036 1.159 1.209 1.208
∆ρmax/∆ρmin 0.559/-0.461 0.555/-0.468 0.557/-0.449 0.557/-0.459
In the Table 3.11, the parameters of Model III and Model IV show that the different ζ values do
not significantly influence the κ and κ′ of S and O atoms, but they can result in small changes of
maximum and minimum residual electron density ∆ρmax/∆ρmin. The analogous effects also can
be detected in Model VII and Model VIII (in Table 3.12). Totally, the values of ∆ρmax/∆ρmin
of Model I - Model IV are quite similar.
Detail information of nl (6,6,6,7,7) of S is listed in Table 3.12. When coefficients nl (4,4,4,4,4) are
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Table 3.12: Selected parameters of multipole refinement results of Model V - Model IX, parameters
in bold face have been freely refined.
Parameters Model V Model VI Model VII Model VIII Model IX
nl (6,6,6,7,7) (6,6,6,7,7) (6,6,6,7,7) (6,6,6,7,7) (6,6,6,7,7)
ζ(A˚−1) 7.278 7.278 7.278 3.851 7.278
R[F2>2σ(F2)] 0.036 0.036 0.036 0.036 0.036
wR2 0.089 0.089 0.089 0.089 0.089
GOF 0.996 0.995 0.996 0.996 0.998
κS 0.967 0.960 0.964 0.968 0.959
κ′S 1.479 0.860 1.1 1.1 1.577
κOSO3 0.974 0.980 0.975 0.981 0.973
κ′OSO3 1.211 1.258 1.125 1.253 0.803
∆ρmax/∆ρmin 0.492/-0.440 0.549/-0.449 0.520/-0.462 0.508/-0.474 0.506/-0.475
replaced by (6,6,6,7,7), the wR2 increase to 0.089 (Model V – IX) from 0.082 (Model I – IV) and
GOF decrease to 0.996 - 0.999 from 1.055. The maximum residual electron density in nl (6,6,6,7,7)
models decrease compared to nl (4,4,4,4,4) models. Compared Model I and V with κ and κ
′ freely
refined for all non-hydrogen atoms, the κ′ of S and O increase to 1.479 (κ′S) and 1.211 (κ
′
OSO3
) of
Model V from 1.023 (κ′S) and 1.036 (κ
′
OSO3
) of Model I. The κ′OSO3 is decreased to 0.803 when
three O atoms are treated as ‘CHEMCON’ in Model IX based on Model V. In Model V, the
absolute values of residual electron density decrease and both maximum and minimum of residual
electron density are less than 0.5 e·A˚−5. However, in terms of the averaged extent of residual
electron density, the Model VIII and IX are more suitable MM refinements than others. Thus,
with respect to the values of ∆ρmax/∆ρmin, the better MM are VIII and IX, due to lower ∆ρmax
and more averaged of maximum and minimum residual electron density.
Compared Table 3.13 and 3.8 (in page 55), we found that distances d1 between S and bcp of three
S-O bonds are mainly in the range of 0.6 - 0.7 (A˚) in nine models, which are slightly longer than
the averaged distance of S-O in K2SO4 (0.590 A˚)
143 from experimental charge density analysis.
However, the signs (positive or negative) and values of ∇2ρ are quite flexible in our models. In
Model I – IV and Model VI – VII, one positive ∇2ρ in S-O4 (open-shell) and two negative ∇2ρ
in S-O5 and S-O6 (closed-shell) show different interatomic interactions of three S-O bonds. The
same signs of ∇2ρ in Model V, VIII and IX are more reasonable MM than the other six models.
While for Model V, the distances (d1) of S and bcp of bonds S-O4 and S-O6 are similar: d1 =
0.6252 A˚ of S-O4 and d1 = 0.6183 A˚ of S-O6, but d1 of S-O5 is 0.6912 A˚. Although the ∇2ρ of
electron density at bcp are all positive in Model V, they are at the broad range: the largest ∇2ρ is
24.9(5) e·A˚−5 in S-O4 and the smallest is 10.2(4) e·A˚−5 in S-O6. Based on the Model V, the three
O atoms were refined as ‘CHEMCON’ in Model IX, the bcp positions do not change obviously.
Whereas, in Model VIII with ζ = 3.851 and nl (6,6,6,7,7), either the positions of bcp of S-O bonds
or the signs and values of ∇2ρ at bcp are quite similar: d1 = 0.6252 A˚ of S-O4, d1 = 0.6100 A˚
of S-O5 and d1 = 0.6241 A˚ of S-O6; the positive ∇2ρ values are 9.5, 4.9 and 7.1 e·A˚−5 of S-O4,
S-O5 and S-O6 respectively. From this point of view, indeed, the Model VIII might be the most
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suitable model for analyzing the topological properties of S-O bonds.
Table 3.13: Topological properties of S-O bonds of 3-2 in Model III – IX. d1(d2) (A˚) is the
distance from the first (second) atom to the (3,-1) critical point, ρ (e·A˚−3) is the electron density,
52ρ (e·A˚−5) is the Laplacian of the electron density.
Bonds Prop. Model III Model IV Model V Model VI Model VII Model VIII Model IX
S-O4 d1 0.6058 0.6167 0.6245 0.6063 0.6432 0.6252 0.6110
d2 0.8680 0.8644 0.8674 0.8708 0.8435 0.8396 0.8818
ρ 1.90(5) 1.91(2) 1.62(2) 1.94(6) 1.81(2) 1.86(7) 1.71(2)
∇2ρ 7.4(3) 5.7(6) 24.9(5) 3.1(4) 11.7(5) 9.5(3) 26.3(7)
S-O5 d1 0.6313 0.6861 0.6912 0.6894 0.7305 0.6100 0.6798
d2 0.8415 0.7863 0.7798 0.7840 0.7414 0.8586 0.7921
ρ 2.45(5) 2.50(2) 2.08(9) 2.60(7) 2.40(8) 2.05(6) 2.01(8)
∇2ρ -31.1(3) -29.7(4) 11.7(4) -38.8(3) -8.5(3) 4.9(3) 14.4(5)
S-O6 d1 0.6168 0.6319 0.6183 0.6046 0.6437 0.6241 0.6005
d2 0.8464 0.8335 0.8520 0.8609 0.8252 0.8332 0.8709
ρ 2.12(5) 2.11(2) 1.71(2) 2.09(6) 1.92(2) 1.92(7) 1.72(2)
∇2ρ -9.4(3) -11.2(5) 10.2(5) -12.4(4) -7.1(5) 7.1(3) 15.1(2)
Deformation electron density
As one of good indicators, deformation electron density in a given plane can well evaluate the
quality of MM refinement. Figs 3.21 – 3.23 show the deformation density in three planes of SO3
group: O5-S-O4, O6-S-O4 and O6-S-O5 of nine tested models. The blue lines (negative values)
of Model I – IV, VI and VII from Fig 3.21 to Fig 3.23 reveal the deviation of the deformation
density of three S-O bonds from interatomic connection lines. The deformation electron density of
three S-O bonds in Model V, VIII and IX are more likely to be closed-shell. Also all the positive
values of ∇2ρ of electron density at bcp can convince the electron distribution situation of three
S-O bonds.
Fig 3.24 shows the deformation electron density in the plane of C6-C2-C5 based on nine tested
models. The blue lines are located around the connection lines between two bonded atoms of
traditional covalent bonds. For the traditional covalent bonds, there is no significant difference
after nine MM refinements, which gives more support information about less relationship between
refinement parameters (nl and ζ) and the topological properties of standard covalent bonds in our
models. The red lines (positive regions) of deformation electron density around S atom are different
in shape and intensity with different refinement strategies. For instance, in Model IX, the red lines
and blue lines separated from each other of S atoms. But the red part are concentrated around the
center of S in Model VIII. Same properties also can be detected from Fig 3.21 to Fig 3.23. The
deformation electron density of C6-C2-C5 planes in nine models show the different electron density
distributions of S based on the different refinement strategies. Indeed, the parameters of nl, ζ,
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κ and κ′ of S atoms should be considered in different ways under certain chemical environment
compared to other atoms during MM refinement process.
Figure 3.21: Deformation charge density in three planes of O5-S-O4, O6-S-O4 and O6-S-O5 from
Model I to III. Positive values are in red and negative values in blue. The contour interval is 0.1
e·A˚−3.
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Figure 3.22: Deformation charge density in three planes of O5-S-O4, O6-S-O4 and O6-S-O5 from
Model IV to VI. Positive values are in red and negative values in blue. The contour interval is
0.1 e·A˚−3.
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Figure 3.23: Deformation charge density in three planes of O5-S-O4, O6-S-O4 and O6-S-O5 from
Model VII to IX. Positive values are in red and negative values in blue. The contour interval is
0.1 e·A˚−3.
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Figure 3.24: Deformation charge density in the plane of C6-C2-C5 from Model I to Model IX.
Positive values are in red and negative values in blue. The contour interval is 0.1 e·A˚−3.
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Laplacian
Based on the discussion above, only the ∇2ρ of electron density of SO3 group from Model V,
VIII and IX will be given here in two dimensional (2D) and three dimensional (3D) for analyzing
independently. From 2D Laplacian plots in Fig 3.25, charge accumulation can be seen within the
valence shell charge concentration (VSCC) of each oxygen atom. Obviously, the orientation of
charge accumulation of three oxygen atoms in Model V and IX are more likely to the S-O bonds
direction and in Model VIII are more dispersed. Especially, three oxygen atoms (O4, O5 and O6)
of Model IX, which were treated with sharing the same set of multipole populations (CHEMCON)
based on the refinement of V, the 2D Laplacian plots show high similarity of charge accumulation
of three O atoms. In Fig 3.26, the 3D Laplacian surface plot at the contour 0.1 e·A˚−5 can not be
easily recognized the charge accumulation regions of O atoms. And for O6 in Model V and IX,
using a contour level as 5 e·A˚−5, whose outer shells of Laplacian surface of S atom still cover some
part of charge accumulation of O5 and O6. When the contour level 15 e·A˚−5 has been used, it is
possible to distinct three O atoms regions clearly.
Figure 3.25: 2D Laplacian plots in the planes of O5-S-O4, O6-S-O4 and O6-S-O5 of Model V,
VIII and IX; contours are at ± 2n × 103 e·A˚−5 (0 ≤ n ≤ 20).
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Figure 3.26: 3D Laplacian plots of SO3 group of Model V, VIII and IX; contours are 0.1, 5 and
15 e/A˚5 respectively.
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Electrostatic potential
On the isosurface of Laplacian (isosurface values: -4 e·A˚−5), ESP maps of an asymmetric unit of
the 3-2 based on Model V, Model VIII and Model IX were presented in the Fig 3.27. The ESP
can help to understand the corresponding regions as nucleophilic or electrophilic in 3-2, due to the
negative potential is nucleophilic and the positive potential is electrophilic. The three models show
the similarity of ESP on the isosurface of Laplacian. Obviously, in compound 3-2, all coordinated
water molecules are the donors of hydrogen bonds, whereas the isolated water molecule could be
the donors and acceptors of hydrogen bonds. The sulfonate and carboxyl groups are the hydrogen
bonds donors.
Figure 3.27: Electrostatic potential mapped on Laplacian isosurfaces; isosurface value is -4 e·A˚−5.
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Hydrogen bonds
The topological properties of ten hydrogen bonds of compound 3-2 in new seven models (Model
III – IX) are listed in Table 3.14 – 3.15. As mentioned before in discussing of the Model I and II,
the different MM refinement strategies with different nl, ζ, κ and κ
′ of S atoms do not obviously
affect the properties of hydrogen bonds. From Table 3.14 – 3.15, the negligible difference could be
detected in the topological properties of hydrogen bonds from Model III to IX.
Based on the discussion of deformation electron density and 2D and 3D Laplacian, Model VIII
might be the most suitable model to describe the topological properties of S-O bonds of sulfonate
group. Here the topological properties of hydrogen bonds of Model VIII will be discussed. The
shortest hydrogen bond O7-H7O· · ·O8 (the distance of H7O and O8: 1.7077(9) A˚) is formed by
the hydroxyl group O7-H7O and O8 of carboxyl group. The ρ at bcp of the shortest hydrogen
bond O7-H7O· · ·O8 is 0.30 e·A˚−3 and the ∇2ρ is 2.80 e·A˚−5, which shows the medium intensity
of interaction. And the ρ of longest hydrogen bond O3-H3WB· · ·O6iv (the distance of H3WB
and O6: 1.8648(9) A˚) at bcp is 0.13 e·A˚−3, which is not the lowest ρ value at bcp. Whereas the
lowest ρ value (0.09 e·A˚−3) at bcp of ten hydrogen bonds could be found in O1-H1WA· · ·O6i.
Interestingly, the negative ∇2ρ at bcp of bond O2-H2WB· · ·O8iii (-0.23 e·A˚−3) can be detected in
all nine models, combining the relatively large ρ values at bcp (around 0.30 e·A˚−3) which reveals
the strong interaction between H2WB and O8iii.
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Summary of 3-2
In this contribution, nine experimental charge density models of compound 3-2 based on high
resolution X-ray diffraction data with different nl, ζ and expansion or contraction parameters of
valence electron κ and of deformation density κ′ are discussed. Shall we obtain the ”best model” for
accurately describing the topological properties of sulfonate group based on our tested nine models?
Model V, VIII and IX are more reasonable than the other six models, and the topological prop-
erties analyses results show three S-O bonds are closed-shell with positive ∇2ρ values at bcp. The
2D and 3D Laplacian maps present the charge accumulation situation around O atoms. Neverthe-
less, the positions of bcp of S-O5 are quite different from that of S-O4 and S-O6 in Model V and
IX, even three oxygen atoms have shared same set of multipole populations during refinements in
Model IX. In Model VIII, either the position of bcp or the ∇2ρ values at bcp are similar of three
S-O bonds. Based on all topologcial properties discussed, the Model VIII may be the best model
for compound 3-2.
For the comprehensive comparison, higher resolution X-ray diffraction experiments, the VM data
bank and theoretical electron density calculation would be essentially considered.
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3.3.3 Multipole Model (MM) of 3-3
In the part of Chapter 3, the experimental charge density analyses of the d -orbital population of
one six coordinated Cu (II) complex bis(2,2′-iminodiethanol)-copper(II) 4-nitrobenzoate (3-3) will
be presented in four refinements strategies.
High resolution X-ray data allow the experimental charge density to correlate d -orbital occupancy
with the coordination environment. Based on the high quality data of 3-3, the comparison results
of multipole refinements with respect to d -orbital population are as a function of charge settings
strategies and data bank selection for the distorted octahedral coordination environment of Cu(II).
Reflections with I > 2σ(I ) are considered observed.
As mentioned in Chapter 1, the data banks in XD2006 software differ in the wave functions, scat-
tering factors and their coverage of the periodic table. It is very important that different data
banks might directly affect the MM results.
Thus, the questions about the choice of data bank, whether the ionic compound divided into
different groups according to the different charged fragments and whether treating the atoms as
the charged or neutron at the starting point have been discussed in the MM refinement for com-
pound 3-3. Detail data refinements strategies are following: firstly, the two databanks: CR59,60
and SCM63,64 have been applied during the aspheric atomic density expansion model refinements;
secondly, Cu and coordinated O atoms and O atoms of nitro-group have been treated as charged
atoms or neutron atoms as starting point in refinement respectively; finally, the asymmetric unit
as an overall neutral group or as individual groups according to the cations and ions have been
used to detect the effect of grouping issues on d -orbital population and the hydrogen interactions.
Totally, four refinement strategy settings (a), (b), (c) and (d) of compound 3-3 will be discussed
here:
(a) CR data bank is as the refinement entry. All neutral atoms (such as Cu: 4s13d10) have been
used as the input setting. And during the refinement, whole asymmetric unit is treated as one
group;
(b) Only databank entry has been changed to SCM and other refinement settings are same as
strategy (a);
(c) The data bank entry is CR. The whole asymmetry unit is treated as one group. Only the
charged Cu2+ (3d9) and O32− have been used as the input parameters;
(d) Compared to the strategy (a), the only difference is that cation and ion of the asymmetric unit
have been divided into two groups.
Hydrogen bonds in compound 3-3
The multipole model refinement parameters of four models have been collected in Table 3.16. Com-
pared to the IAM, the obvious progress could be detected in four MM, especially the low values
of residual electron density. The topological properties of hydrogen bonds after MM refinements
of 3-3 have been listed in Table 3.17. Compared the strategy settings (a) and (d), whether cation
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Table 3.16: Selected parameters of multipole model refinement for 3-3 in four strategy settings
(a), (b), (c) and (d).
Para. IAM MM
(a) (b) (c) (d)
R1 0.0402 0.0334 0.0326 0.0324 0.0332
wR2 0.1019 0.0864 0.0869 0.0867 0.0862
GOF 1.063 1.177 1.183 1.181 1.173
∆ρmax/∆ρmin(eA˚
−3) -1.336/1.466 -0.442/0.427 -0.481/0.464 -0.437/0.430 -0.429/0.406
and ion belong to one group in the asymmetric unit does influence the electron density and the
Laplacian of electron density at bcp of hydrogen bonds. The positions of bcp for (d) shift slightly
to acceptors of hydrogen bonds. The values of ρ decrease from 0.39 e·A˚−3 in (a) to 0.35 e·A˚−3 in
(d), and ∇2ρ also decreased slightly. The difference of charge accumulation of donors and acceptors
of hydrogen bonds in strategy setting (a) and (d) also can be detected from 2D Laplacian map in
Fig 3.28. The electron accumulation of hydrogen bond acceptor O3 more face to hydrogen atom
H1O in (d). For (b) and (c) settings, the topological properties at bcp of two hydrogen bonds
do not show obvious discrepancy compared to (a) according to Table 3.17. The electron density
at bcp is also similar among first three strategies. In terms of reasonable topological properties,
the MM of setting (a) among the four strategies is more suitable. The 3D Laplacian of cation in
Fig 3.29 of strategy (a) not only show the isosurface shapes of two hydrogen bonds, but also the
isosurface shapes of Cu-N1, Cu-O1 and Cu-O2 coordination bonds.
O1 
H1O 
O3 O1 
H1O 
O3 
O2 
H2O 
O4i O2 
H2O 
O4i 
(a) (d) 
Figure 3.28: Laplacian map of two hydrogen bonds in 3-3; the left two hydrogen bonds are from
strategy (a) and right are from strategy (d); contours are at ± 2n × 103 e·A˚−5 (0 ≤ n ≤ 20).
The topological properties of 4-nitrobenzoate ion in 3-3.
Due to the geometry limitation, it is not easy that the topological properties of bis(2,2′-iminodiethanol)-
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Figure 3.29: 3D Laplacian map of bis(2,2′-iminodiethanol)-copper(II) cation involved two hydrogen
bonds: O1-H1O· · ·O3 and O2-H2O· · ·O4i in 3-3; i = 2-x, 2-y, 1-z; the isosurface values are 0.1
e·A˚−5.
copper(II) cation and 4-nitrobenzoate ion of 3-3 are presented at the same 2D plot. Thus, here
the gradient vector field, Laplacian of electron density and deformation electron density of 4-
nitrobenzoate ion of strategy (a) followed the same orientation are arranged in Fig 3.30.
H7 
C5 
H8 
O5 C8 
C6 
C7 
C9 
H10 
C10 
N2 
H11 
C11 O6 
H7 
C5 
H8 
O5 C8 
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N2 
H11 
C11 O6 
O3 
O4 
H7 
C5 
H8 
O5 C8 
C6 
C7 
C9 
H10 
C10 
N2 
H11 
C11 O6 
O3 
O4 
Figure 3.30: Gradient vector field (left), the black lines are bond paths, the dark blue spots are
the bcp and the the green spot is the ring critical point; Laplacian (middle) of electron density
and deformation electron density (right) in 3-3; contours Laplacian of are at ± 2n × 103 e·A˚−5 (0
≤ n ≤ 20); contour interval of deformation density is 0.05 e·A˚−3
d-orbital analysis
The z direction is defined along longest bond Cu-O1 in cation (Cu-N1 = 1.9959(5), Cu-O1 =
2.2978(7) and Cu-O2 = 2.0748(6) A˚) and the y axes is the direction of Cu-O2. Due to the influ-
ence of geometry configuration of diethanolamine ligand itself, the position of x axes is not the same
with the bond direction of Cu-N1 (Fig 3.12, the page 45). Not as predicted by the electrostatic
crystal field theory146,147, in Table 3.18, the two highest d -electron populations occupancy are
dyz and dx2−y2 and the other three occupied d -orbital are not in the rule. However, the d -orbital
populations in four refinement settings show the analogous distributions: the dx2−y2 orbital has
highest d electrons occupancy. The second highest d electrons occupancy orbital is dyz. While dz2
is the lowest d electrons occupancy orbital. The total numbers of d -orbital populations are 10.09
of (b) and 9.09 of (c) due to a small amount of 4s electron is involved into d -orbital in refinement
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Table 3.18: d -orbital populations distribution results of 3-3 from multipole refinement in four
strategy settings: (a), (b), (c) and (d).
d-orbital (a) (b) (c) (d)
dz2 0.8233 (8.4 %) 0.8973 (8.9 %) 0.6626 (7.3 %) 0.6671 (5.3 %)
dxz 1.3386 (13.6 %) 1.4290 (14.2 %) 1.1860 (13.1 %) 1.2525 (12.0 %)
dyz 2.6530 (27.0 %) 2.6944 (26.7 %) 2.4971 (27.6 %) 2.6918 (28.5 %)
dx2−y2 2.9688 (30.2 %) 2.9954 (29.7 %) 2.8070 (31.0 %) 2.9048 (33.0 %)
dxy 2.0572 (20.9 %) 2.0788 (20.6 %) 1.9060 (21.0 %) 2.0524 (21.2 %)
Total 9.84 10.09 9.06 9.75
of (c) setting.
Electrostatic potential
Figure 3.31: Electrostatic potential of 3-3 based on the strategy (a). The value of iso-surface is
0.6 e·A˚−3.
On the isosurface of electron density (ρ), ESP map of compound 3-3 presents that the cation
bis(2,2′-iminodiethanol)-copper(II) is the electrophilic region and the 4-nitrobenzoate is nucle-
ophilic region. The nitro end of 4-nitrobenzoate is more negative than the carboxyl end, then the
neighbouring 4-Nitrobenzoates can follow the electrostatic interaction and stack each other in the
solid state.
Summary of 3-3
According to our work, we can draw several conclusions based on the experimental charge density
analysis of compound 3-3 as following:
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(1) For two databanks CR and SCM, there is no obvious difference in MM refinement results
parameters, topological properties (such as electron density, bcp position and Laplacian of charge
density) and d -orbital populations distribution of Cu.
(2) Based on the strategy settings (a) and (c), introducing charges only for Cu and O3 at the
starting point of refinements does not obviously influence the MM results and hydrogen weak in-
teractions. d -orbital distributions also show similarity of tendency in (a) and (c).
(3) The cations and ions in the asymmetric unit which are divided into different groups does in-
fluence the weak interactions, which leads to the slightly less electron density at bcp of hydrogen
bonds.
Due to the geometry limitation: three coordinated atoms with Cu2+ are all from diethanolamine,
the d -orbital populations distribution does not keep in line with the prediction of electrostatic
crystal field theory146,147. In further study of d -orbital distribution of complexes, less distorted
octahedral configuration compounds need to be selected.
3.4 Data Collection and Structure Refinement Detail
Specific Details for 3-1
Data collection at standard resolution: a total of 1340 frames in 4 runs with 5 seconds exposure
time were measured over a time period of 4 h. A total of 12738 reflections were harvested from
the image files. This part of the data set was 99.4 % complete up to a resolution of 0.72 A˚ and
extended to 62◦ in 2θ.
Data collection at high resolution: a total of 2880 frames in 8 runs using 20 seconds exposure time
was measured over a time period of 17 h. A total of 59988 reflections were harvested from the
image files. The data set was 100.0 % complete up to a resolution of 0.48 A˚, and only 24 reflections
were missing in the resolution range between 0.48 and 0.46 A˚. The maximum resolution in 2θ was
102◦, corresponding to sin(θmax)/λ = 1.09.
In the final multipole refinement, contraction parameters κ and κ
′
for non-H atoms were freely
refined. All C atoms were assigned common contraction parameters, whereas independent κ and
κ
′
were refined for the chemically different O atoms. κ and κ
′
for H were refined until dipole
moments and after then fixed to 1.16 and 0.73, respectively.
Specific Details for 3-2
Data collection at standard resolution: a total of 1340 frames in 3 runs with 5 seconds exposure
time were measured over a time period of 4 h. A total of 9039 reflections were harvested from
the image files. This part of the data set was 97.43 % complete up to a resolution of 0.72 A˚ and
extended to 62◦ in 2θ.
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Data collection at high resolution: a total of 2880 frames in 8 runs using 20 seconds exposure
time were measured over a time period of 17 h. A total of 33326 reflections were harvested from
the image files. The data set was 100.0 % complete up to a resolution of 0.44 A˚. The maximum
resolution in 2θ was 102◦, corresponding to sin(θmax)/λ = 1.15.
Specific Details for 3-3
Data collection at standard resolution: a total of 1340 frames in 4 runs with 5 seconds exposure
time were measured over a time period of 4 h. A total of 52630 reflections were harvested from
the image files. This part of the data set was 99.4 % complete up to a resolution of 0.72 A˚ and
extended to 62◦ in 2θ.
Data collection at high resolution: a total of 3240 frames in 8 runs using 20 seconds exposure
time were measured over a time period of 19 h. A total of 52630 reflections were harvested from
the image files. The data set was 100.0 % complete up to a resolution of 0.44 A˚. The maximum
resolution in 2θ was 110◦, corresponding to sin(θmax)/λ = 1.15.
3.5 Summary
Based on high-resolution X-ray diffraction, experiment charge density analyses of compounds 3-1,
3-2 and 3-3 provide more detail topological properties of hydrogen bonds interactions in solid state.
There is no doubt that hydrogen bonds play an important role in stacking of three compounds. The
donors and acceptors of hyrdrogen bonds can be recognized by the deformation electron density,
2D and 3D Laplacian of electron density and ESP. The ESP derived from experimental diffraction
data of 3-1 indicates a higher degree of charge separation in the solid than in the gas phase. For
3-2 and 3-3, ESP helps to understand the different regions or fragments as nucleophilic or elec-
trophilic. The electronegative part of the molecules, the carboxylic acid moiety and the keto group
in 3-1, sulfonate group, carboxyl moiety and hydroxyl in 3-2 and nitro group and carboxyl moiety
in 3-3, which are in the focus of the most relevant hydrogen interactions. Multipole refinement
results of S atom of SO3 in compound 3-2 show that bonding situation where the S-O interac-
tions can be characterized as closed-shell with positive ∇2ρ values at bcp. However, different data
banks in XD2006, the electron density analysis from theory or even higher resolution experimental
electron density experiment are still necessary in order to have more comprehensive comparison.
Due to the significantly distorted octahedral coordination surrounding Cu(II) of 3-3, the d -orbital
population distribution can not coincide with the crystal field theory. In further study, less dis-
torted octahedral coordinated environment of transition metal complexes coule be considered in
analyzing the d -orbital occupancy from experimental charge density.
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Chapter 4
Anisotropic Displacement
Parameters (ADPs) with
Temperature-Dependent
Diffraction Experiments
*The relative work of compounds 4-1 (CrystEngComm, 2015, 17, 7414-7422.), 4-2 (Dalton Trans.,
2016, 45, 13680-13685.) and 4-3 (J. Chem. Phys., 2016, 145, 234512.) have been published as
collaboration work, respectively. I thank all cooperation partners for their work.
4.1 Introduction
In addition to the directional interactions between neighbouring atoms, such as hydrogen bonds
and halogen bonds, the non-directional attractions resulting from the correlated movements of
the electrons in adjacent molecules also are helpful to understand the intermolecular interactions.
However, there is more information from high-resolution X-ray diffraction experiments: apart from
mean atomic positions, displacements from these mean positions can be obtained and thermal
motion becomes visible.148 One of the comparable physical quantities is the components of a sym-
metric second order tensor and usually referred to as anisotropic displacement parameters (ADPs).
Our group previous results from theory5,149 have been validated by comparison to data derived
from neutron diffraction experiments since the compounds contained hydrogen atoms. Using spher-
ical scattering factors, the positions of hydrogen atoms from X-ray single crystal diffraction data
are not precise in a conventional way. Aspherical scattering factors based on various can improve
this situation, but an anisotropic refinement of peripheral hydrogen atoms will still result in large
standard uncertainties.
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In this contribution, the temperature-dependent diffraction experiments and high resolution data
at 100K of the three simple chemical components compounds (see Fig 4.1) have been done. The
ADPs analysis from experimental perspective will be presented.
Figure 4.1: The scheme of three compounds (4-1, 4-2 and 4-3) with temperature-dependent X-ray
diffraction experiments.
4.2 Crystal Structure Analysis
4.2.1 Crystal Structure of 4-1
Pentachloropyridine (4-1) was chosen as suitable test case due to a number of advantages: the
molecular periphery is not dominated by hydrogen but rather by the most relevant scattering cen-
ters; the melting point of the title compound amounts to 120 ◦C and hence calls for low-temperature
data collection.
The dimorphism of 4-1 has been described in 1973 by Rossell and Scott.150 We chose the mono-
clinic polymorph for which crystals of high quality can be reliably obtained. We can confirm the
lattice parameters published by Rossell and Scott but we must correct the space group: based on
the absence of zonale extinctions for reflections h0l, the original authors described the monoclinic
form of 4-1 in space group P21 and found disorder. Inspection of the lattice parameters displayed
in Table 4.1 shows, however, that the unit cells for the Pc and the Pn setting of space group no.
7, related by the matrix operation
-1 0 0
0 -1 0
1 0 1
are metrically very similar at 100 K. At room temperature, the unit cells associated with both
settings are even degenerate within experimental error.
Batches of monoclinic 4-1 (see Experimental section) contain many crystals featuring domains
related to the above operation. These crystals correspond to pseudomerohedral twins: their
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Table 4.1: Comparison of the lattice parameters for the alternative space group settings Pn and
Pc at 100 K.
Setting Pn Pc
a (A˚) 5.3122(2) 5.3122(2)
b (A˚) 5.1770(2) 5.1770(2)
c (A˚) 14.9058(6) 14.8307(6)
β(◦) 101.086(2) 99.493(2)
diffraction image can readily be indexed with a single orientation matrix, but the different do-
main orientations hide the presence of the glide plane and hence the correct extinction symbol.
The original authors Rossell and Scott, therefore, assumed space group P21, devoid of any zonal
extinctions. Fortunately, our crystallization experiments did not only afford twinned but also single
crystals of 4-1; for the results discussed in this article, intensity data collected on single crystals
were used. Structure solution and refinement in the correct space group Pc did not give any in-
dication for the major disorder. In the monoclinic form of 4-1, neighbouring molecules subtend a
N· · ·Cl halogen bond of ca. 3 A˚(dashed lines in Fig 4.2).
Figure 4.2: Packing in 4-1; projection along the crystallographic a axis.
This halogen bond matches the commonly accepted criteria: N· · ·Cl3 amounts to 2.93 A˚and hence
is significantly shorter than the sum of the van-der-Waals distances96 (3.3 A˚); the almost linear
arrangement C-Cl· · ·N (179 ◦) corresponds to a close contact between the lone pair on nitrogen
and the σ-hole69,70 on the halogen atom. The halogen bond represents the only intermolecular
contact shorter than van-der-Waals distances: nearest neighbours perpendicular to the direction
of the halogen bonds involve Cl· · ·C interactions of 3.42 A˚(Fig 4.3).
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Figure 4.3: N· · ·Cl halogen bond (red dashed line) and closest Cl· · ·C interlayer contact (green
dashed lines) in 4-1.
As outlined in the introduction, we considered monoclinic 4-1 a suitable test structure for the val-
idation of ADPs obtained from calculations and for their temperature dependence. As preparation
for what is to follow, we therefore collected intensity data at 100, 150, 200, 250 and 300 K; the lattice
parameters obtained for all data points are compiled in Table 4.2. In the range from 100 to 300 K,
the unit cell parameters increase smoothly with temperature; no phase transition was encountered.
4.2.2 Temperature-Dependent of ADPs for 4-1
With the increasing of the temperature, the thermal motions of the atoms in 4-1 become much more
visible in Fig 4.4 from the 100K to 200K, which meets our initial expectation to learn the move-
ment of atoms in solid state based on the temperature-dependent X-ray diffraction experiments.
The comparison of ADPs of 4-1 between experiments and several theoretical dispersion-correction
DFT calculations has been studied and discussed in the publication.151
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Table 4.2: Crystal data and convergence results for XRD experiments on 4-1 at 100, 150, 200, 250
and 300 K.
Temperature/K 100(2) 150(2) 200(2) 250(2) 300(2)
a (A˚) 5.3122(2) 5.3191(16) 5.3290(14) 5.3426(15) 5.359(4)
b (A˚) 5.1770(2) 5.1827(16) 5.1935(13) 5.2051(15) 5.224(4)
c (A˚) 14.8307(6) 14.894(5) 14.949(4) 15.021(4) 15.101(13)
β(◦) 99.493(2) 99.704(5) 99.833(5) 100.003(6) 100.228(18)
V (A˚3) 402.28(3) 404.7(2) 407.66(8) 411.4(2) 416.1(6)
Unique refls 2426 1849 1926 1939 1936
Rint (all data) 0.0326 0.0426 0.0638 0.0821 0.1006
R[F 2 > 2σ(F 2)] 0.0314 0.0387 0.0474 0.0490 0.0525
wR2 0.0725 0.0898 0.0897 0.0855 0.1126
GOF 1.048 1.071 0.992 1.008 0.959
CCDC 1400034 1400028 1400022 1402263 1402264
100K 
150K 
200K 
Cl4 
Cl5 Cl1 
Cl2 
Cl3 
Figure 4.4: Experimental ADPs (90 % probability) of 4-1 at 100K, 150K and 200K.
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4.2.3 Crystal Structure of 4-2
As an organometallic compound, chromium hexacarbonyl Cr(CO)6 (4-2) has been widely studied
from early stage152–154 to more recent ones with higher accuracy.155,156 This transition-metal
carbonyl is a suitable bridge to study the ADPs in solid state from pure inorganic compounds to
the more complex compounds with heavy atoms. A separate high-resolution diffraction experiment
on 4-2 has been performed in Table 4.3. With the naked eyes, there is no difference of ADPs
between full resolution (109.83 ◦) and limited resolution (89.98 ◦) in Fig 4.5.
Table 4.3: Crystal data and refinement results of 4-2 at full (109.83 ◦) and limited resolution
(89.98 ◦) at 100K.
Compound 4-2
Mr 220.06
Crystal systerm orthorhombic
Space group Pnma
a (A˚) 11.5165(3)
b (A˚) 10.9267(2)
c (A˚) 6.21560(10)
V (A˚3) 782.15(3)
Z 4
Crystal size (mm) 0.20 ×0.18 ×0.13
No. of parameters 67
2θ(◦) 109.83 89.98
Total/unique reflection 47979/5016 35569/3287
Rint 0.0640 0.0591
(sinθ/λ)max (A˚
−1) 1.15 1.08
R[F 2 > 2σ(F 2)] 0.0360 0.0283
wR2 0.1054 0.0788
GOF 1.055 1.068
∆ρmax/∆ρmin(eA˚
−3) 0.711/-1.014 0.723/-1.613
CCDC 1486566 1486567
4.2.4 Temperature-Dependent of ADPs for 4-2
For comparison, refinements of the structural model for 4-2 were carried out based on data with
a resolution better than 1.15 A˚−1 (corresponding to an elevated maximum scattering angle of 2θ=
110 ◦ with Mo Kα radiation) and also, in parallel, for a purposefully truncated dataset (up to 0.99
A˚−1 or 90 ◦). In other words, we report here a ”tailored” experiment on 4-2 in which we probed
the effect of resolution. Note that even our truncated dataset exceeded that of most everyday
laboratory experiments (usual resolution 0.6 – 0.7 A˚−1). Still, the value of Ueq and thus the ADPs
at limited resolution are consistently smaller than those at high resolution (Table 4.4) and this
difference is an order of magnitude larger than the standard uncertainties. This is important for
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Figure 4.5: Displacement ellipsoid plot (90 % probability) of 4-2 at full (109.83 ◦) and limited
resolution (89.98 ◦).
any future benchmarking of computed ADPs.
Table 4.4: Equivalent displacement parameters Ueq (10−4 A˚2) for all symmetry-inequivalent atoms
in crystalline 4-2. For the experimental data based on Mo Kα radiation, we compared truncated
(2θ≤90 ◦) and full high-resolution (2θ≤110 ◦) datasets.
2θ≤90 ◦ 2θ≤110 ◦ DFT
Cr 85.2(3) 92.8(3) 97.4
C(1) 129(1) 136(1) 135
C(2) 125(1) 132(1) 131
C(3) 127(1) 135(1) 133
C(4) 129(1) 136(1) 136
O(1) 196(1) 203(1) 201
O(2) 192(1) 199(3) 195
O(3) 199(1) 206(3) 206
O(4) 203(1) 209(3) 208
Fundamentally, this effect is not surprising: X-rays interact with the electron cloud of an atom and
hence XRD probes the electronic density. In XRD, low-order reflections also carry information
about the valence electrons between the nuclei, whereas higher-resolution data emphasize the core
electrons; the latter will thus better reproduce the properties dominated by nucleic positions, such
as lattice vibrations. Experimental ADPs will therefore depend on the resolution and be better
described by high-resolution data. This is precisely what is seen in Table 4.4. The comparison
ADPs of 4-2 from experiments and theoretical dispersion-correction DFT calculations has been
published.157
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4.2.5 Crystal Structure of 4-3
a(0) c 
b 
Figure 4.6: Displacement ellipsoid plot (90 % probability) of 4-3 at 100K with full resolution(109.83
◦).
The rather small asymmetric unit, the absence of strongly absorbing atom types and the dispersion-
dominated intermolecular interactions make α-S8 a very well-suited candidate for experimental
evaluation and calculations with dispersion-corrected DFT. We study crystalline, elemental sulfur
in its α form that is stable at ambient conditions. This allotrope crystallizes in the orthorhombic
space group Fddd with 16 molecules in a face-centered unit cell. The asymmetric unit contains four
sulfur atoms in general position, close to a twofold axis which generates the entire puckered S8 ring.
The approximate symmetry of such a crown-shaped S8 molecule is D4d. Shortest contacts between
neighbouring cyclooctasulfur residues amount to 3.3 A˚. The temperature-dependent crystal data
and refinement results are listed in Table 4.5.
4.2.6 Temperature-Dependent of ADPs for 4-3
S1 
S2 
S3 
S4 
S1 
S2 
S3 
S4 
S1 
S2 
S3 
S4 
100K                                             150K                                                 200K                                                                                                         
Figure 4.7: Experimental ADPs (90 % probability) of 4-3 at 100K, 150K and 200K.
The experimental ADPs plots of 4-3 at 100K, 150K and 200K have been presented in Fig 4.7.
With the increasing of the temperature, the ADPs of atoms in the solid become more visible. The
comparison of the experimental ADPs and the ADPs derived from the harmonic approximation
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Table 4.5: Crystal data and refinement results of 4-3 at 100, 150 and 200K.
Compound 4-3
Molecular weight 256.48
Crystal system orthorhombic
Space group Fddd
Z 16
Crystal size (mm) 0.22 ×0.15 ×0.08
No. of parameters 37
Temperature 100K 100K 150K 200K
a (A˚) 10.3761(4) 10.3761(4) 10.4004(4) 10.4272(4)
b (A˚) 12.7255(5) 12.7255(5) 12.7658(5) 12.8088(5)
c (A˚) 24.427(1) 24.427(1) 24.459(1) 24.491(1)
V (A˚3) 3225.4(2) 3225.4(2) 3247.4(2) 3271.0(2)
2θ(◦) 90.4 61.2 62.0 61.2
Total/unique reflection 31821/3321 8243/1222 16579/1282 8871/1241
Rint 0.0652 0.0447 0.0677 0.0498
R[F 2 > 2σ(F 2)] 0.0324 0.0275 0.0273 0.0308
wR2 0.0689 0.0575 0.0548 0.0601
GOF 1.053 1.050 1.121 1.059
∆ρmax/∆ρmin(eA˚
−3) 0.621/-0.684 0.458/-0.423 0.378/-0.435 0.506/-0.336
and the quasiharmonic approximation calculation has been published.158 With the predicted lattice
thermal expansion, calculated ADPs keep excellent agreement with experiments.
4.3 Summary
Temperature-dependent X-ray diffraction results provide a direct experimental way to detect the
motion of atom in solid state. Furthermore, the accuracy of the atom thermal motion can be im-
proved by high-resolution diffraction experiment at low temperature. Using a combined approach
of experiment and theory, the good agreement of ADPs between experiment and simulation by
DFT-based methods helps to learn about the anisotropic thermal motions of three representative
compounds 4-1, 4-2 and 4-3. This is meanful for predict ADPs for organo-metallic and coordina-
tion compounds or even more complicated chemical environment, which seems to be particularly
useful for cases where routine experiments face (inevitable) difficult.
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Chapter 5
Chirality Transfer from Ligand to
Metal
*This chapter has been published in CrystEngComm, 2015, 17, 4293-4300.
5.1 Introduction
Chiral molecules are ubiquitous in living organisms, but chirality is not restricted to biomolecules:
chiral materials and coordination compounds which may be obtained in enantiomerically pure
form offer attractive potential, e.g. in asymmetric catalysis. The synthesis, characterization and
application of chiral transition metal complexes159,160 have been studied abundantly since Alfred
Werner, the father of coordination theory, could prove as early as 1907 with the successful resolu-
tion of hexol that chirality is not necessarily associated with carbon.161 Nowadays, it is consensus
that pseudo-octahedral complexes between a metal cation and three bidentate chelating ligands
exist as ∆ and Λ isomers (Fig 5.1).
Figure 5.1: The ∆/Λ configuration at octahedral central metal.
Our aim of the chapter is to combine of the chirality of metal (∆/Λ) in tris(chelating) pseu-
dooctahedral complexes and RR configuration in the chelating ligand R,R-1,2-diaminocyclohexane
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(R,R-chxn). The ∆ configuration at the central atom of the octahedral [M(R,R-chxn)3]
3+ com-
plex cations for M = Co shows the energetic preference162 and is reflected by the fact that this
diastereomer represents the readily available main product from crystallization experiments for
[M(R,R-chxn)3]Cl3·nH2O (M = Co, Rh)163, [Cr(R,R-chxn)3]Cl3·nH2O164 and [M(R,R-chxn)3]NO3-
·nH2O165. Stoeckli-Evans and coworkers have successfully used enantiopure 1,2-diaminocyclohexane
as chirality-inducing constituent in bimetallic assemblies.166,167 The same enantiopure diamine has
been employed in the crystallization-induced resolution of biaryl derivatives.168 Not only enantiop-
ure but also racemic 1,2-diaminocyclohexane has been used in the field of crystal engineering: chxn
transition metals complexes have proven suitable counter cations for thioantimonates169 and indi-
umsulfates.170
We expected to use the enantiopure diaminocyclohexane ligand to exploit its central chirality
and generate complexes of well-defined metal configuration containing only two or even only
one molecule of R,R-chxn as a chelating ligand. The cations reported here adopt the compo-
sition [Cr(R,R-chxn)2L2]
n+ (L = monodentate ligand, n = 1-2), [Cr(acacCN)(R,R-chxn)2]
2+ or
[Cr(acacCN)2(R,R-chxn)]
+. An obvious reason of our special focus being on the latter complex:
[Cr(acacCN)2(R,R-chxn)]
+, a configurationally well-defined cation, would represent a chiral-at-
metal building block with two additional potential donor sites in the periphery and therefore be
suitable for crosslinking to extended structures. The compounds investigated in this chapter have
been summarized in Fig 5.2.
5.2 Crystal Structure Analysis
We will first address salts in which the cationic Cr(III) complex contains two chelating chxn and
two additional monodentate ligands in the coordination sphere. [Cr(R,R-chxn)2Cl(DMSO)]Cl2
and [Cr(R,R-chxn)2Cl2]Cl were synthesized by Pedersen
171 in 1970, but their crystal structures
have not yet been reported. We now provide this information: single crystals suitable for diffraction
experiments of both compounds could be grown as DMSO solvate of the former (5-1) and EtOH
hemisolvate of the latter (5-2) compound (Fig 5.2); powder diffraction on the bulk (Figs.5.3 and
5.4) confirmed that in either case a phase pure product was obtained. Like all solids reported here,
these products are derivatives of enantiomerically pure R,R-chxn and hence necessarily crystallize
in chiral space groups. Both 5-1 and 5-2 contain two complex cations per asymmetric unit but
differ with respect to the stereochemistry at the metal: the [Cr(R,R-chxn)2Cl(DMSO)]
2+ cations
in 5-1 are both ∆ configured whereas 5-2 features one [Cr(R,R-chxn)2Cl2]
+ in ∆ and one in Λ
configuration. A comment concerning short contacts between discrete residues seems appropriate:
in view of the potential donors and acceptors, the existence of conventional hydrogen bonds in 5-1
and 5-2 as well as in all other structures reported here is no surprise. In 5-1, only the uncoor-
dinated Cl− and DMSO residues accept N-H hydrogen bonds. In contrast to this situation, the
hydrogen bonds in 5-2 cover a wider distance range and both uncoordinated and metal coordinated
groups act as acceptors. In both solids 5-1 and 5-2, classical hydrogen bonds give raise to 2D
layer structures.
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Figure 5.2: Scheme of sythesis and naming convention for reactions and crystal structures deter-
mined in the chapter of chirality transfer from ligand to metal.
Sim_5-1 
Exp_5-1 
5              10             15                20                25 
2θ(°)/λ 
Figure 5.3: Experimental (Exp) and simulated (Sim) powder diffraction pattern of 5-1.
93
Chirality Transfer from Ligand to Metal
Sim_5-2 
Exp_5-2 
5               10               15             20              25 
2θ(°)/λ 
Figure 5.4: Experimental (Exp) and simulated (Sim) powder diffraction pattern of 5-2.
Our next aim was to introduce the ditopic linker HacacCN into the Cr(III) complexes, possibly
under control of the configuration at the metal. The reaction was achieved by precipitating the
chloride ligands in 5-1 or 5-2 with AgNO3 in the presence of the deprotonated acacCN ligand. The
main reaction product is ∆, Λ-[Cr(acacCN)(R,R-chxn)2](NO3)2; it can be isolated as hemihydrate
5-4. When the DMSO complex 5-1 is used as starting material, a second compound 5-3, ∆-
[Cr(acacCN)(R,R-chxn)2](NO3)2, is obtained concomitantly. We have been able to elucidate the
stereochemistry at the Cr(III) centers in 5-3 and 5-4 by single crystal X-ray diffraction: 5-3 only
contains ∆ configured cations whereas 5-4 features complex cations in either configuration. The
quantitative relationship between 5-3 and 5-4 has been established by powder diffraction of the
bulk: Fig 5.5 shows that reaction of 5-2 gives 5-4 as a phase pure solid, whereas the conversion of
5-1 results in a mixture in which 5-3 is present in only small quantities as a by-product. Unfortu-
nately, the main product 5-4 does not meet our requirements for a single configuration at the metal.
5-4 and its by-product 5-3 are closely related with respect to packing. Fig 5.6 shows projections
of both structures along the shortest crystallographic axis. In 5-3 , classical hydrogen bonds result
in layers extending along the diagonal and the short axis - the hydrogen-bonded network is two-
dimensional. In 5-4 , these layers are crosslinked by the additional water molecules in the crystal
lattice (highlighted in Fig 5.6 bottom); a 3D network of hydrogen bonds is formed. The presence
of acacCN in the coordination sphere around Cr in 5-3 and 5-4 has another consequence for
intermolecular interactions. The peripheral CN groups of the acacCN ligand represent additional
potential acceptors for hydrogen bonds; such contacts also occur in 5-7. Table 5.1 summarises
part of classical hydrogen bonds in 5-3, 5-4 and 5-7; contacts with nitril acceptors have been
highlighted in bold. The table shows that CN· · ·H-N bonds range between 3.0 and 3.1 A˚. The
only CN· · ·H-O interaction is due to a contact with the hydroxyl group of a cocrystallized MeOH
molecule in 5-7 and is significantly shorter.
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Sim_5-4 
Exp_5-4 
Sim_5-3 
Exp_5-4(+5-3) 
2θ(°)/λ 
  8              10              12             14              16 
Figure 5.5: Experimental (Exp) and simulated (Sim) powder diffraction pattern of 5-3 and 5-4.
With respect to the stereochemistry at the Cr center, we can summarize our results for 5-1 –
5-4: each Cr(III) in these salts is coordinated to two enantiopure diaminocyclohexane ligands.
The cationic Cr complexes either occur in ∆ or as a mixture of ∆ and Λ configuration - no solid
with a preference for a Λ configured cation has been encountered. However, in the crystalline
products 5-2 and 5-4, ∆ and Λ configuration coexist in 1:1 stoichiometry, and the concomitantly
formed products 5-3 and 5-4 do not exhibit the same stereochemistry. These findings suggest that
the energetic difference between the diastereomers ∆-metal/RR-chxn and Λ-metal/RR-chxn is not
very pronounced: other structural features such as the nature of the counteranions or the degree
of solvation may be well decisive.
From a crystal engineering point of view, 5-3 and 5-4 represent dead ends because they offer only
one terminal CN function for further coordination. At least two potential linker sites should be
available for the construction of an extended solid. We therefore proceeded with the synthesis of
the more suitable precursor [Cr(R,R-chxn)Cl2(DMSO)2]Cl, 5-5, which we expected to convert into
a building block with two ditopic acacCN ligands. This intermediate can be obtained in reasonable
yield and may be characterised by elemental analysis. We have not been able to grow sufficiently
large crystals for a full structural study of this compound, but the solubility properties of 5-5 sup-
port its identity as a salt and its reactivity matches the expectation: with silver salts of weakly or
non-coordinating anions, the precursor can be converted to salts containing tris(chelated) Cr(III)
cations with two ditopic acacCN ligands in the coordination sphere. Repeated powder diffraction
experiments showed good internal agreement and thus also confirmed that the synthesis of 5-5
leads to a reproducible product, albeit with unknown crystal structure.
Based on the intermediate 5-5, the nitrate 5-6 and the hexafluorophosphate 5-7 have been syn-
thesized and fully characterised. Crystalline 5-6 is obtained as a rather stable and phase-pure
hydrate; the result of the single crystal diffraction experiment matches the powder pattern of the
95
Chirality Transfer from Ligand to Metal
5-3 
5-4 
Figure 5.6: Hydrogen bonds form layers in 5-3 (top) which are crosslinked by cocrystallized water
molecules in 5-4 (bottom); the crosslinking water molecules have been highlighted by red circles.
bulk material (Fig 5.7). The unit cell in space group P1 contains four symmetrically independent
cationic complexes, two in ∆ and Λ. Fig 5.8 shows that the overall shape of the cationic complex
and the orientation of the chxn ligand in both isomers differ at first sight. As a consequence, pack-
ing properties and close contacts such as hydrogen bonds will also differ and affect the free enthalpy
of any solid which contains these residues. 5-7 crystallizes as a methanol solvate; larger single
crystals may be isolated from the mother liquor and transferred into the cold N2 stream of the
diffractometer whereas crystalline powder shows fast desolvation at room temperature (Fig 5.9).
When compared to the earlier reports concerning M(chxn)3
162–165 and to the structural results for
5-1 – 5-4 discussed above, the stereochemistry at the metal in 5-7 is a surprise: it represents the
first solid in which only the Λ configuration is encountered. The above mentioned preference for the
∆-RR configuration which was observed in [M(chxn)3]
3+ cations and in 5-1 – 5-4 with two chxn
ligands per metal is obviously no longer valid if only one enantiopure chelating ligand coordinates
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Table 5.1: Part of classical hydrogen bonds (A˚, ◦) of 5-3, 5-4 and 5-7; contacts involving peripheral
CN acceptors have been highlighted in bold.
Comp. D-H· · ·A D-H H· · ·A D· · ·A 6 D-H· · ·A Symmetry-for-A
5-3 N1-H1D· · ·O8A 0.98(5) 2.06(5) 2.975(11) 154(4) 1-x,-1/2+y,1-z
N1-H1E· · ·O6 0.98(3) 2.02(3) 2.894(7) 147(5)
N2-H2D· · ·N5 0.98(4) 2.14(4) 3.096(7) 165(5) -x, -1/2+y,-z
N2-H2E· · ·O4 0.99(5) 2.16(5) 3.042(6) 148(4) -x,-1/2+y,-z
N2-H2E· · ·O5 0.99(5) 2.25(5) 2.999(6) 131(4) -x,-1/2+y,-z
N3-H3D· · ·O4 0.99(4) 2.00(5) 2.868(6) 146(4) -x, 1/2+y,-z
N3-H3E· · ·O6 0.99(5) 2.03(5) 2.943(6) 153(4)
5-4 N1-H1D· · ·O12 0.98(3) 2.44(4) 3.329(8) 151(4)
N1-H1E· · ·O6 0.98(4) 2.05(4) 2.966(7) 156(4)
N2-H2D· · ·O6 0.98(3) 2.32(5) 2.897(7) 117(4) -1+x,y,z
N2-H2D· · ·O17 0.98(3) 2.10(3) 3.007(9) 153(5) -1+x,y,z
N2-H2E· · ·O11 0.98(5) 2.00(5) 2.901(8) 153(4) -1+x,y,z
N3-H3D· · ·O16A 0.99(3) 2.23(3) 3.204(10) 168(4)
N3-H3E· · ·O11 0.99(4) 2.01(4) 2.863(7) 143(4) -1+x,y,z
N4-H4D· · ·N10 0.99(3) 2.14(3) 3.124(7) 170(4) x,1+y,1+z
N4-H4E· · ·O6 0.98(4) 2.03(5) 2.962(7) 157(4)
N6-H6D· · ·O9 0.98(3) 2.37(4) 3.016(7) 123(3) -1+x,y,z
N6-H6E· · ·O14A 0.97(4) 2.12(3) 3.015(10) 153(3)
N9-H9E· · ·N5 0.99(3) 2.28(4) 3.070(7) 136(3) x,-1+y,-1+z
O1-H17· · ·O6 0.84 2.57 3.117(9) 123
O1-H17· · ·O7 0.84 1.79 2.632(12) 180
O1-H17· · ·O8 0.85 1.90 2.747(9) 180 x,y,1+z
5-7 N1-H1D· · ·O5 0.98(3) 2.02(3) 2.966(5) 163(4) 1-x,1/2+y,1/2-z
N1-H1E· · ·F1 0.97(3) 2.32(4) 3.181(4) 148(3) 1-x,1/2+y,1/2-z
N1-H1E· · ·F5 0.97(3) 2.10(2) 2.986(4) 151(3) 1-x,1/2+y,1/2-z
N2-H2E· · ·N4 0.98(3) 2.06(2) 3.020(5) 163(3) -1/2+x,1/2-y,1-z
O5-H5O· · ·N3 0.72(6) 2.15(6) 2.858(5) 167(7) 1/2+x,1/2-y,-z
with the chromium center as in our complexes 5-6 and 5-7. Despite this unexpected stereochem-
istry, the Λ-[Cr(acacCN)2(R,R-chxn)]
+ cation in 5-7 matches our original requirements for crystal
engineering: it represents a chiral-at-metal building block of defined configuration and allows ex-
tension via its two peripheral N donor sites. We recall that Ag(I) represents the preferred acceptor
cation for this group;35,36 Ag(I) was also used as a reagent to precipitate the halide ligands and
generate vacant coordination sites at the Cr(III) precursor. Therefore a change in stoichiometry
was sufficient to convert 5-5 into a polymer. Its hydrate 5-8 has been successfully studied by single
crystal diffraction. Fig 5.10 shows that the metal configuration has been retained and Cr(III) in
5-8 is exclusively Λ configured, similar to the situation in 5-7. With a focus on crystal engineering,
5-8 represents the target solid of this study, constructed by bridging configurationally well-defined
[Cr(acacCN)2(R,R-chxn)]
+ cations with Ag(I). PF6
− counter anions and hydrate water molecules
occupy the voids in the resulting cationic framework. Each Λ-[Cr(acacCN)2(R,R-chxn)]
+ building
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Figure 5.7: Experimental (Exp) and simulated (Sim) powder diffraction pattern of 5-6.
block is linked to two silver cations with its nitrile groups, and in agreement with the Cr:Ag = 2:1
stoichiometry, each Ag(I) is four-coordinated by cyano-N atoms of four different complex cations.
The coordination sphere corresponds to an only slightly distorted tetrahedron, with N-Ag-N an-
gles ranging between 99 and 123 ◦. The program GTECS3D172,173 [GTECS3D is available free
of charge for download from www.gtecs.rwth-aachen.de.] has been used to analyze the topology
of the cationic framework in 5-8. When the [Cr(acacaCN)2(R,R-chxn)] complexes are taken as
linkers and the Ag(I) cations as four-connected nodes, a {4,4} net (Fig 5.11, top) is obtained.
Two such nets interpenetrate174 in the crystal structure of 5-8 as becomes obvious after suitable
simplification of the linkers (Fig 5.11, bottom).
5.3 Synthesis and Characterization
5.3.1 Materials and Methods
Enantiopure (R,R-chxn) was obtained according to the method of Jacobsen et al.175 The HacacCN
ligand was prepared according to the literature method by Silvernail et al.;33 the final purification
was made by sublimation. Complexes 5-1 and 5-2 were synthesized according to the procedure re-
ported by Pedersen.171 Other chemicals were used without further purification: CrCl3·6H2O (98%,
Gru¨ssing), NaHCO3 (99.5%, KMF Laborchemie), AgPF6 (98%, Aldrich) and AgNO3 (99.5%, Fluka
Chemie). IR spectra were recorded on a Nicolet Avatar 360 E.S.P. spectrometer in KBr pellets.
In order to exclude artefacts by reaction of the silver-containing products with KBr, comparisons
with IR spectra in nujol mulls were made; they gave satisfactory agreement. CHN microanaly-
ses were carried out at the Institute of Organic Chemistry, RWTH Aachen University, using a
HERAEUS CHNO-Rapid. Powder diffraction experiments were performed at room temperature
on flat samples with a Stoe & Cie STADI P diffractometer equipped with an imageplate detector
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Figure 5.8: ∆ (left) and Λ (right) configured [Cr(acacCN)2(R,R-chxn)]
+ cations in 5-6.
with constant ω angle of 55◦ using germanium- monochromated Cu-Kα1 radiation (λ = 1.54051 A˚).
5.3.2 Synthesis
Synthesis of {[Cr(acacCN)(R,R-chxn)2](NO3)2}, 5-3 and {[Cr(acacCN)-
(R,R-chxn)2](NO3)2·0.5H2O}, 5-4
27 mg (0.22 mmol) HacacCN and 18 mg (0.22 mmol) NaHCO3 were completely dissolved in 15 ml
H2O. 100 mg (0.22 mmol) 5-1 were added and the solution turned purple. 112 mg (0.66 mmol)
AgNO3 in 3 mL of water were added dropwise, and stirred for 16 hours at room temperature. The
precipitate was removed by filtration, the clear solution was evaporated and the residue was dried
in a desiccator. The raw product is an orange solid, which was purified by recrystallization from
water. Yield: 120 mg (0.23 mmol, 53%). Powder diffraction (see Fig 5.5) shows that the reaction
product mainly consists of 5-4, with a small amount of 5-3 as byproduct.
Synthesis of {[Cr(acacCN)(R,R-chxn)2](NO3)2·0.5H2O}, 5-4
16 mg (0.13 mmol) HacacCN and 11 mg (0.13 mmol) NaHCO3 were completely dissolved in 5 ml
H2O. Then 50 mg (0.13 mmol) 5-2 were added, and the solution turned purple. 66 mg (0.39 mmol)
AgNO3 in 5 mL of water were added dropwise, and stirred for 16 hours at room temperature. The
precipitate was removed by filtration, the clear solution was evaporated under vacuum and the
residue was dried in a desiccator. The raw product is an orange solid, which was purified by
recrystallization from water. Yield: 31 mg (0.06 mmol, 47%). The product systematically gives
a too low carbon content in elemental analysis, but the powder pattern of the bulk matches the
simulation based on the single crystal structure. IR: υ(C≡N, cm−1) = 2216.
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Figure 5.9: Experimental (Exp) and simulated (Sim) powder diffraction pattern of 5-7.
Synthesis of {[Cr(R,R-chxn)Cl2(DMSO)2](Cl)}, 5-5
The synthesis of 5-5 was carried out in analogy to the method by Pedersen171, but with different
stoichiometry. 2.333 g CrCl3·6H2O (8.76 mmol) were dissolved in 15 mL dimethylsulfoxide (DMSO)
and heated to 180 ◦C to remove the water. After cooling to 110 ◦C, 1.000 g R,R-chxn (8.76 mmol)
in 5 mL DMSO was added. A few minutes later, a silky red powder started to precipitate. The
reaction was kept at 100 ◦C for 1 hour and then allowed to cool to room temperature; the product
was precipitated with 150 mL EtOH. This crude product was filtered, washed with EtOH and dried
in a desiccator. Yield: 1.941 g (4.53 mmol, 52%). Anal. calcd for 5-5 [C10H 26Cl3CrN2O2S2]: C,
28.01; H, 6.11; N, 6.56. Found: C, 28.28; H, 6.15; N, 7.56.
Synthesis of {[Cr(acacCN)2(R,R-chxn)](NO3)·H2O}, 5-6
117 mg (0.94 mmol) HacacCN and 78 mg (0.94 mmol) NaHCO3 were added to 5 mL MeOH under
stirring. After complete dissolution 200 mg (0.47 mmol) of 5.5 in 5 mL of water were added. 238
mg (1.41 mmol) of AgNO3 in 5 mL of water were added to the purple solution dropwise and stirred
for 16 hours at room temperature. The precipitate was removed by decanting and filtration; the
clear red solution was stored at room temperature and allowed to evaporate slowly. After four
weeks, the raw product was obtained. Single crystals were grown by recrystallization from MeOH
solvent. Yield: 102 mg (0.21 mmol, 44%). Anal. calcd for 5.6 [C18H28CrN5O8]: C, 43.73; H, 5.71;
N, 14.16. Found: C, 45.53; H, 5.74; N, 13.73. IR: υ(C≡N, cm−1) = 2212.
Synthesis of {[Cr(acacCN)2(R,R-chxn)](PF6)·MeOH}, 5-7
100 mg (0.23 mmol) of 5-5 were dissolved in 5 mL MeOH and stirred for 5 min. 58 mg (0.46
mmol) of HacacCN and 39 mg (0.46 mmol) of NaHCO3 were completely dissolved in a mixture of
2 mL water and 5 mL MeOH. Both solutions were combined; after stirring for 20 min, the reaction
mixture turned purple. 177 mg (0.70 mmol) of AgPF6 in 5 mL MeOH were added dropwise.
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Figure 5.10: Λ configuration in the discrete cations in 5-7 (left) and in the Ag-bridged cations of
polymer 5-8 (right)
Stirring was continued at room temperature for 8 hrs, and then the precipitate was separated
by centrifugation. Even after prolonged reaction times, very small amounts of AgCl continued
to precipitate and prevent crystallization of the target product; therefore, the clear solution was
exposed for 18 hours to UV radiation (λ = 366 nm) in order to remove traces of Ag(I) in solution.
The black Ag thus formed was removed by filtration, and the clear red solution was allowed to
evaporate at ambient temperature. Red block-shaped crystals formed after 3 d. Yield: 44 mg
(0.08 mmol, 34%). Anal. calcd for 5-7 without MeOH [C18H26F6CrN4O4P]: C, 38.68; H, 4.68; N,
10.02. Found: C, 38.55; H, 4.65; N, 10.03. IR: υ(C≡N, cm−1) = 2212; υ(P-F, cm−1) = 722.
Synthesis of {Λ-[Cr(acacCN)2(R,R-chxn)]2 Ag(PF6)3·8H2O}, 5-8
100 mg (0.23 mmol) of 5-5 were dissolved in 5 mL MeOH and stirred for 5 min. 58 mg (0.46
mmol) of HacacCN and 39 mg (0.46 mmol) of NaHCO3 were completely dissolved in a mixture of
2 mL water and 5 mL MeOH. Both solutions were combined; after stirring for 20 min, the reaction
mixture turned purple. 177 mg (0.70 mmol) of AgPF6 in 5 mL MeOH were added dropwise.
Stirring was continued at room temperature for 8 hrs, and then the precipitate was separated by
centrifugation. As in the case of 5-7, the solution was exposed for 18 hours to UV radiation (λ =
366 nm) to remove traces of Ag(I), and the black Ag thus formed was removed by filtration. The
clear red filtrate and a solution of 30 mg (0.12 mmol) AgPF6 in 3 mL MeOH were combined, and
the resulting mixture was kept at room temperature in the dark. After 3 d, a small quantity of
red plate-shaped crystals were harvested. Yield: 35 mg (0.05 mmol, 20%). Anal. calcd for 5-8
[C18H34F9CrN4O8P1.5·0.5Ag]: C, 28.53 ; H, 4.52 ; N, 7.39. Found: C, 27.11; H, 3.80 ; N, 6.74. IR:
υ(C≡N, cm−1) = 2217 with shoulder at 2231; υ(P-F, cm−1) = 722.
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Figure 5.11: Section of 5-8: {4,4} net formed by [AgCr(acacCN)2(R,R-chxn)]2 polycations (top);
two such networks interpenetrate in the crystal structure of 5-8 (bottom).
5.4 Data Collection and Structure Refinement Detail
All intensity data were collected at 100 K on a Bruker D8 goniometer equipped with an APEX
CCD area detector and an Incoatec microsource using Mo Kalpha radiation (λ = 0.71073 A).
Constant temperature was maintained by an Oxford Cryosystems 700 controller. The intensity
data were integrated using the program SAINT+ 108 and corrected for absorption by multi-scan
methods with SADABS.176 The structures were solved by direct methods (SHELXS-13)110 and
refined by full matrix least square procedures based on F 2 (SHELXL-13)111. Non-hydrogen atoms
were refined with anisotropic displacement parameters. Hydrogen atoms connected to carbon
atoms were placed in idealized positions and included as riding. Tables 5.2, 5.3 and 5.4 contain
crystal data, data collection parameters and convergence results.
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Table 5.2: Crystal data and refinement results of 5-1, 5-2 and 5-3.
Structure 5-1 5-2 5-3
Empirical formula C16H40Cl3CrN4O2S2 C26H61Cl6Cr2N8O C18H34CrN7O8
Molecular weight 464.87 815.20 528.19
Z 4 4 2
cryst. system monoclinic monoclinic monoclinic
space group P21 C2 P21
a (A˚) 11.9663(17) 25.314(6) 11.171(4)
b (A˚) 9.6417(14) 11.006(3) 7.283(2)
c (A˚) 23.758(3) 14.816(4) 15.335(5)
β (◦) 99.533(2) 111.163(5) 101.113(5)
V(A˚3) 2703.2(7) 3849.6(16) 1224.3(7)
Total/unique reflections 32572/11177 16862/7551 18562/7057
R1 (all data) 0.0468 0.1095 0.0712
R[F 2 > 2σ(F 2)] 0.0378 0.0676 0.0638
(sinθ/λ)max (A˚
−1) 0.61 0.59 0.71
wR2 0.0880 0.1451 0.1646
GOF 1.085 1.001 1.083
No. of parameters 561 435 322
Flack parameter 0.00(2) 0.08(4) 0.03(3)
CCDC number 1047808 1047809 1047810
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Table 5.3: Crystal data and refinement results of 5-4, 5-6 and 5-7.
Structure 5-4 5-6 5-7
Empirical formula C36H70Cr2N7O17 C18H28CrN5O8 C19H30CrF6N4O5P
Molecular weight 1074.38 494.45 591.44
Z 1 4 4
cryst. system triclinic triclinic orthorhombic
space group P1 P1 P212121
a (A˚) 7.1767(5) 9.5030(6) 8.2870(17)
b (A˚) 12.5519(9) 13.7410(9) 14.806(3)
c (A˚) 14.7649(10) 19.6128(13) 21.367(4)
α(◦) 100.4860(11) 71.2181(11)
β(◦) 93.4647(11) 83.8466(12)
γ(◦) 106.3580(11) 71.8161(11)
V(A˚3) 1246.06(15) 2303.2(3) 2621.7(9)
Total/unique reflections 19348/14018 36098/26058 36241/7216
R1 (all data) 0.0645 0.0645 0.0577
R[F 2 > 2σ(F 2)] 0.0538 0.0512 0.0451
(sinθ/λ)max (A˚
−1) 0.73 0.72 0.71
wR2 0.1277 0.1044 0.1044
GOF 1.082 1.000 1.051
No. of parameters 691 1225 345
Flack parameter 0.01(2) 0.003(7) -0.002(14)
CCDC number 1047811 1047812 1047813
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Table 5.4: Crystal data and refinement results of 5-8.
Structure 5-8
Empirical formula C36H68AgCr2F18N8O16P3
Molecular weight 1516.02
Z 2
cryst. system orthorhombic
space group C222
a (A˚) 10.078(2)
b (A˚) 42.812(9)
c (A˚) 7.2997(16)
V(A˚3) 3149.6(12)
Total/unique reflections 238881/4682
R1 (all data) 0.0743
R[F 2 > 2σ(F 2)] 0.0622
(sinθ/λ)max (A˚
−1) 0.72
wR2 0.1747
GOF 1.087
No. of parameters 224
Flack parameter 0.018(14)
CCDC number 1047814
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5.5 Summary
In this chapter, eight chiral compounds (5-1 – 5-9) with enantiopure ligand R,R-1,2-diaminocyclo-
hexane have been synthesized and characterized. The single crystal structures of seven com-
pounds (except 5-5) have been analyzed at the standard resolution level (due to disordered sol-
vent molecules or anions, the diffraction has stopped at 2θ > 62 ◦). By inducing a well-defined
configuration about a metal cation relies on the use of organic ligands and transferring of the
chiral information to the metal center is less obvious. As to our initial interest, an affirmative
consequence can be obtained: utilizing the chiral information from the enantiopure ligand, we are
capable to synthesize a chiral-at-metal cationic building block [Cr(acacCN)2(R,R-chxn)]
+ (5-7)
and a related coordination network (5-8). Meantime the unexpected situation we have encoun-
tered: the chirality of the central metal in [Cr(acacCN)2(R,R-chxn)]
+ can not be predicted by
simple extrapolation from [Cr(R,R-chxn)3]
3+ via cationic [Cr(acacCN)(R,R-chxn)2]
2+ complexes.
The combination of the enantiopure ligand and the alternative chiral (∆ and Λ) configurations at
the center of coordination result in diastereomers. From comparison between the stereochemistry
in 5-6 and 5-7, it is possible that they are decisive for the configuration at the Cr(III) cation.
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Conclusion
X-ray diffraction experiments with standard resolution offer a powerful tool in structural chem-
istry, crystal engineering and biology. When it comes to sub-atomic resolution, we can do better:
high resolution X-ray diffraction experiments allow to investigate the weak interactions between
different constituents and thermal motion of atoms in crystals.
The synthetically straightforward combination of pyridinium cations and halides or tetrahalogen-
metallates allows to obtain crystals of high quality and perform diffraction experiments at high
resolution in order to study the weak contacts in these compounds. By refining valence density,
expansion or contraction parameters of the valence density (κ) and of the deformation density (κ′),
the topological properties of halogen bonds and hydrogen bonds could be analyzed quantitatively
and qualitatively. With the help of Hirshfeld surfaces, the interhalogen contacts can be visualized.
Maps of the electrostatic potential on Laplacian isosurfaces allow to identify regions of opposite
charges in the pyridinium salts: the electron donors are the halogen atoms from halide or tetra-
halogenmetallates ions and the acceptors are the halogen atoms from the pyridinium cations. The
electron density (ρ), the Laplacian of electron density (∇2ρ) and kinetic energy density (G) in the
bond critical point confirm that weak interactions, such as the halogen bonds and hydrogen bonds
weak interactions are the atom-atom contacts, which determine the structure and dominate pack-
ing of molecular crystals. The analyses of topological properties of hydrogen bonds in bio-active
compounds allow to identify the donors and acceptors of hydrogen bonds and polarization effects.
In summary, the effects of halogen and hydrogen contacts are so important that they may largely
determine the packing pattern in solid state. These directional interactions occur between neigh-
bouring atoms. However, non-directional dispersion interactions can be well understood with the
help of temperature-dependent X-ray diffraction experiments. A comparison of the ADPs obtained
from single crystal X-ray diffraction experiments at different temperatures reveals magnitude and
directionality of atomic movement. Even the accuracy of the thermal motion can be improved by
high-resolution diffraction experiments at low temperature and provides benchmarks to evaluate
the effect of dispersion interactions.
Results of multipole refinements on a sulfonate derivative allowed to identify a problem and sug-
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gest solutions: a suitable model with proper scattering factors and the parameters of single slater
functions of radial functions to investigate the topological properties of S-O bonds. The nine mod-
els differ with different κ, κ′, coefficients of multipole of different product orbital functions (nl)
and single value for the electron subshells of isolated atoms under energy-optimized (ζ). Based
on the current data set and refinement procedures, nl (6,6,6,7,7) are better multipole coefficients
to describe the orbital functions of S atoms compared to the default setting (4,4,4,4,4). Under nl
(6,6,6,7,7), 7.278 and 3.851 have been used for ζ values, as the starting values for electron subshells
of isolated atoms under energy-optimized respectively. Meanwhile, accompanied with the refine-
ment of κ and κ′, three reasonable multipole models with understandable 2D and 3D Laplacian
of electron density and deformation density plots could be obtained, of which Model VIII is the
most suitable model for describing the topological properties of sulfonate group. However, the
higher resolution X-ray diffraction experiments, other data bank (such as VM data bank) and the
theoretical electron density calculation are alternative methods for the comprehensive comparison
to achieve the most suitable model for sulfonate group.
Under optional experimental conditions, X-ray diffractions can provide experiment information
about d-orbital populations in transition metal cations and in principle these results can be com-
pared to the ideas of crystal field theory for crystal 3-3. However, the results from experimental
charge density analyses do not match the distribution situation predicted by the electrostatic
crystal field theory. The main problem is that the atoms coordinated with Cu(II) are all from
diethanolamine, which leads to a significantly distorted octahedral configuration of Cu(II). The
less distorted octahedral configuration of central metal complexes would be alternative options for
analyzing d-orbital populations using experimental charge density.
Apart from the application of high resolution X-ray diffraction experiment in molecular crystals,
the chiral synthesis with idea of transfer the chirality from ligand to metal has been discussed in
chapter 5.
In terms of chirality transfer from ligand to metal, the synthesis of chiral solids from an enantiop-
ure ligand such as R,R-1,2-diaminocyclohexane is a trivial task. We have not been able to isolate
enantiomerically pure tris-ligand complexes of Cr(III) for our ditopic ligand 3-cyanoacetylacetone
(HacacCN) following the strategy, which was successful for the Cr(III) complexes of the unsub-
stituted acetylacetonate. We only achieved low enantiomeric excess and very modest yields. The
access to ‘chiral at metal’ configured coordination polymers follows an alternative route. In order
to achieve a well-defined configuration of an octahedral metal center, we rely on an enantiopure
ligand and transfer the chiral information from ligand to metal center. Consequently, with one
or two R,R-1,2-diaminocyclohexane donor ligands, seven single crystals structures (5-1 – 5-4 and
5-6 – 5-8) of diastereomers have been obtained and their absolute structures and configurations at
the Cr cation have been determined. In these target solids, a consistent Λ configuration is main-
tained, which is in agreement with the idea that the configuration once achieved for such an inert
complex should be maintained upon further crosslinking even if the resulting coordination polymer
should not correspond to the thermodynamically most stable product. For chirality transfer within
a building block and an extended solid with crystal engineering, our method was successful. In
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principal, the energy of these diastereomers is different, but the synopsis of our structural results
indicates that the differences of associated energy are modest. The different energy of a build-
ing block is not the decisive factor for the outcome of a crystallization experiment: directional
interactions, such as, interionic Coulomb forces and hydrogen bonds and other ubiquitous weaker
interactions also contribute to the free enthalpy of the product solids and may well overcompen-
sate the effect of a slightly less favourable diastereomeric complex cation. These diastereomeric
cations differ in shape, charge distribution and orientation of potential hydrogen bond donors and
acceptors of the alternative diastereomers. In future work, we will focus on understanding the role
of the remaining constituents, particularly the counteranions engaged in the doubtlessly relevant
electrostatic interactions.
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